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would have to jump from J=0 to J=0 The mtersystem hue 
sPo^^So IS noticeably absent m the mercury spectrum 



Pig 12 2 Level diagram of caloimn, extended to show the displaced terms 
Even terms are shown by a circle, odd terms by a triangle 

A cntic might suggest that the above argument really only 
determines the values of but the Zeeman effect has also been 
exammed and this, connecting as it does L, J and S, serves to 
fix L, when J and 8 are known Every mdication therefore 
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DISPLACED TERMS 


[chap 

When two electrons are excited, the atom as a whole can no 
longer be said to have a chief quantum number, though each 
electron has Thus m the normal state of calcium, two electrons 
he outside the closed shell of argon, and these occupy 4s orbits, so 
that the ground state is 4s® % When one of these moves to a 
4p orbit the configuration becomes 4s4p®P, this is the 2®P 
term of the normal spectrum In the lowest ®P' term both 
electrons have moved to 3d orbits, so that the configuration 
IS 3d®®P' * 

Often the chief quantum number does not need to be stressed, 
and then 3d® ®P' is abbreviated to d® ®P' , or if the two d electrons 
have different chief quantum numbers, as m 3d 4d®P', then we 
write d d®P' Agam as there is only one 3d nd®P senes, the 
omission of the dash mtroduces no ambigmty, but m fact it is 
often retamed as it gives a key to the transitions permitted 

What are these ^ Or m other words, what is the selection rule 
govemmg the combmation of displaced terms ^ Heisenberg 
stated, on the basis of the quantum mechamcs, that when two 
electrons jump simultaneously one is bound by the condition 
±1 and the second by Al^^O or ±2 Of this rule the 
transitions from the displaced to the normal terms of the alkaline 
earths offer a :^t example 

A very important consequence of this selection rule is that 
when an atom emits or absorbs a quantum of radiation the sum 
of the orbital quantum numbers of the mdividual electrons SZ 
must change by an odd number, if the sum was even it must 
become odd, or if it was odd it must become even Consequently 
all possible terms may be divided mto two groups, an even group, 
written in accord with the suggestion of a number of physicistsf 
S,P, I>, . ., and an odd group, written S®, P®, D®, A term of the 
one group can then combme only with a member of the other 
group. 

Another notation adopted for several years by many spectro- 
scopists differed somewhat from this The even group of terms 

* The 3d*®P' term is the 3®!^ term of this descnption, though the 3®P', 
4®P' and 6®P' terms arise from 3d nd configurations, the 2®P' term arises 
from 4p®, it -^^as wrongly assigned by Russell and Saunders 

t Russdl, Shenstone and Turner, PB, 1929, 33 900 
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was written S, P', D, F', , and the odd senes S', P, D', P, 
This notation was convenient because it was m agreement with 
the notation of the earher chapters of this book and could be 
extended But to-day it seems more important to be able to 
distingmsh odd and even terms at sight, for the group to which 
an empmcal term belongs can easily be deternuned, and this the 
dashed notation does not facihtate 
In simple spectra only one electron is excited, and for it the 
S, D terms have L even, while the P, F terms have L odd, and so 
to be qmte accurate should be written P°, F° Again, the displaced 
P', D' terms of Car have the sum equal to 4 and 3 re- 

spectively, so that they are d^^P and p d®D° 

Havmg dealt with two displaced senes at considerable length, 
the other senes found by Russell and Saunders, and written 
^P", ®D'' and ®F", can be considered more briefly All the series 
have the same elevated hmit and consequently m every state one 
electron must occupy a d orbit The double dash sigmfied that 
these terms, unlike ®P' and ®D', do not combme with the normal 
terms of the same letter Thus ®P", though it has the J properties 
of a P term, combines with ®S, ^D, so that L=l and Zg = 1 

®P'' IS therefore identical with d p®P® and may be wntten in the 
latter form Similarly, combmes with ®P, ^P and therefore 
must be identical with d® ®D Combmations of ®F" are known only 
with ®D and ^D, for combmations with ®S he too far on the infra- 
red and ®G is whoUy unknown, but the energy of the term argues 
strongly in favour of d p®F and against d f®P, though the 
evidence here adduced allows the latter 

Russell and Saunders in their analysis accounted for practically 
all the known hnes of the three alkalme earths, though they 
hesitated to assign electromc states to all the terms which were 
suggested by the term differences, and whose energies were thus 
known Wentzel,* however, has filled even this small gap, and 
the analysis of the visible and near ultra-violet region of calcium 
may be considered complete 

2 Beryllium and magnesium 
In the spectra of beryUium and magnesium, and m the iso- 
* Wentzel, ZP, 1926, 34 730 
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electronic spark spectra B ii to 0 v and A1 ii to Cl vi, there occur 
a striking group of five lines , the separations are nearly equal, and 
four of the five lines are of equal intensity, the central hne of the 
group, however, is noticeably stronger, and in some spectra it 
may be resolved into two close components 



Pig 12 3 Structure of a displaced tnplet of magnesium, this arises m a 
3p2 ®P-»-3s 3p transition 

In 1925 Bowen and MiUikan showed that these arise by the 
combmation of the s p term with a term, havmg so nearly 
he same intervals that the hnes ®P 2 ->®P 2 ° and often 

coincide According to Sommerfeld’s intensity rule, this central 
line is due to chief lines havmg A«7 = Ai, while the other four 
lines are satelhtes of the first order A more accurate theory would 
predict the mtensities shown in Pig 12 3 Both are m good 
agreement with observation 

The wave-lengths and wave-numbers of the central hne in 
spectra isoelectronic with magnesium are shown in Pig 12 4 * 

* Bowen and Millikan, PR, 1925, 26 150 
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The differences show how accurately linear is the progression of 
frequency with atonnc number, and this means that the group 
of hues follows the irregular doublet law, which they can do only 
if the transitions take place between levels havmg the same chief 
quantum number 

This argument apphes as well to Be as to Mg, though figures 
are here adduced only for the latter But m Be the jump ends in 
a 2s 2p orbit, so that it must start in a 2p^ orbit, no other possi- 
bihty exists, for there are no 2d orbits The close similarity of 


Spectrum 

A 

V 

Di£E 

Mg I 

2780 64 

36962 96 

20727 9 

Alii 

1763 95 

56690 9 

20295 5 

Si m 

1298 93 

76986 4 

20050 7 

Piv 

1030 63 

97037 1 

19948 5 

Sv 

854 81 

116985 6 

19942 6 

Cl VI 

730 31 

136928 2 



Fig 12 4 The central Ime of displaced triplets m spectra isoelectromo with 
magnesium 

the fines m Mg and Be suggests that in Mg too the term anses 
from the 3p^ configuration, and this hypothesis is confirmed, 
when the frequency of the arc fine p^ sp ^ s p ®P° is compared with 
the spark fine p ^P -> s , the former is 35960 cm and the latter 
35760 cm so that both must surely arise m the same electron 
transition 2p->2s 

A comparison of these displaced terms with those found m the 
alkahne earths shows that in Be and Mg the lines are produced by 
one electron jumpmg, whereas in Ca, Sr and Ba two electrons 
jump simultaneously But m both alike the displaced terms arise 
from the second lowest term of the spark spectrum 

3. Zmc, cadmium and mercury 

Displaced terms have also been identified m Cd by Ruark* and 
in Zn and Hg by Sawyerf, but instead of the six fines to be 
expected four only have been found, these being mterpreted as 

* Ruaxk, JOS A, 1925, 11 199 t Sawyer, JOS A, 1926, 13 431 
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the combination of the low s p®P\i ,2 terms with the displaced 
terms p®®Po.i (Pig. 12 5) 

Whether the p® ^Pg term is reaUy missmg or whether, as Foote, 
Takamine and Chenault* have suggested, it comcides with p^ ®Pi , 



fig 12 5 LoTel diagraoDa showing a PF' tnplet of oadmium, this arises as 
6p* *P^6s 6p 

SO that in Cd the 2329 A and 2268 A lines are really narrow 
doublets, remains a (Question still undecided Certainly the in- 
tensities are somewhat irregular and the 2329 A hne is much 
stronger than the other hnes 

BIBLIOGRAPHY 

These displaced spectra are fully discussed by Grotrian, Qraphische DarsteU 
lung der Spektrm, 1928, 1 188-210 

* Poote, Takamine and Chenault, PB, 1926, 26 174 



CHAPTER Xin 


COMBINATION OF SEVERAL ELECTRONS 
1 Combination of unlike electrons 

The coupling of orbital and spin vectors, found to explain the 
displaced terms of the alkaline earths, gives also an adequate 
account of the terms of many more complex spectra 

In this couphng the orbital and spin vectors of the electrons, 
commonly written l^ , Ig , , Sg , first combme to resultants L 

and S respectively, and then L and S combine to form J The 
problem therefore is to determine aU the values of L and 8 to 
which a given electron configuration can give rise, to solve this 


Electron 

added 

State of ion 

S 

P 

D 

F 

s 

s 

P 

D 

F 

P 

p 

SPD 

PDF 
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D 

PDF 

SPDFG 

PDFGH 


Fig 13 1 Atomic states resultmg from the addition of an electron to an ion 

problem, consider the orbital and spin vectors separately When 
a p and a d electron combine the 1 vectors are 1 and 2, so that their 
resultant must be 1, 2 or 3, values which correspond to P, D or F 
terms, further, each electron has a spm vector of so that the 
atomic spm vector due to two electrons may be 0 or 1, values 
which correspond to multiphcities of 1 and 3 Accordmgly, a p 
and a d electron combine to form six terms ^P, ^D, ^F, ^P, 
and ^F 

A similar tram of reasoning will determine the terms produced 
when an electron combines with an ion, for if an s electron is to be 
added to an ion in the ^F state, the orbital vectors to be combined 
are 0 and 3, so that the resultant must be 3, while the s vectors 
are ^ and 1|, so that the resultant may be 1 or 2, accordmgly the 
terms produced are ®F and ^F Fig 13 1 summarises the results 
obtamed m this way, for it shows the terms arising when an s, p 
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or d electron is added to an ion in th.e S, P, D or P state, the 
moltiphcity being omitted since it always increases and decreases 
by tmity 

When three or more electrons have to be combined together, 
the work must proceed by steps, two electrons bemg combined 
and then the third added to each of the terms produced by the two 
Thus an spd configuration would give nee to the nme terms 
»(PDP), s(PDF) and ^(PDF) 

In the above discussion the word ‘term ’ is used to denote a 
multiplet term, but m analysis each component of the multiplet 
appears as a separate empmcal level or ‘ term ’ Theory thus states 
preoisely how many levels will anse from a given configuration. 


\^z 

-2 

-1 

0 

1 

2 

1 

-1 

0 

1 
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0 
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of 

atom 

F 

D 

P 



Kg 13 2 Additioii of a p electron to on ion in the D state, shownu; how P, D 
and F states reetult 

and what their J values will be, and it is an outstandmg achieve- 
ment of the theory that the empirical terms occur m just the 
number predicted and have the J values assigned Sometimes, 
as might be expected, some of the levels are missing, but they are 
neai^ always levels which would produce only hues of low m- 
teomty In the great mass of spectra so far analysed, there is only 
a level which seems to be adequately substantiated and is 
OTrpins to the theory, it is found m Pd i 

^ Though the above method of comhmmg two electrons is the 
^plert, another method due to RusseU* is not without mterest 
of combining the and vectors of ion and electron, 
com me e and values, all combmations are permittedij 

• Riiasell, PB, 1927, 29 782. 
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SO that a matnx of (2Zi+ 1) ( 2 ^ 2 + 1) values results, and this can 
be spht into a number of sequences by Breit’s alleys, exactly as 
m the theory of the Paschen-Back effect Pig 13 2 shows the 
calculation when a p electron is added to an ion in a D state 

The same method can be used to combme the and of ion 

and electron to obtam the multiphcity of the atomic terms 

2 Combination of equivalent electrons 

Two electrons havmg the same values of n and I are said to be 
‘eqmvalent’ 

When two eqmvalent electrons are to be combmed, the above 
argument gives all the terms which might be produced, but it 
gives more than are produced, for the combmation is restricted 
by Pauh’s exclusion principle Of this comphcation the simplest 
example is the combination of two electrons m the alkahne 
earths, thus m magnesium the two valency electrons must have 
w. ^ 3, since the first two groups are full, and so the lowest terms 
may be expected to arise from the combmation of two 3s elec- 
trons s electrons, however, always have m;= 0, so that if Paulies 
exclusion principle is to be satisfied and the two electrons are not 
to occupy the same orbit, must be -h for one and — \ for the 
other Consequently = 0 and /S = 0, showmg that the lowest 
term is and that a term can appear only when the two s 
electrons producmg it have different chief quantum numbers 
Thus Pauh’s exclusion prmciple clearly explains why the 1 
term is missmg m all the alkahne earth spectra and the 
sequence begms with a 2 term 


k 

k 


^8, 


Mz 

Ms 

Term 

0 

0 

0 0 


-i 

1 0 

0 

IS 


Fig 13 3 Combmation of two equivalent s electrons, showing that only a 
term results 

Fig 13 3 shows the argument summarised in a table A similar 
table for two eqmvalent p electrons appears in Fig 13 4 

In this table all possible combinations of and are m- 
cluded, but the two electrons are to be considered interchange- 
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able, so tlia,t mj^=l and m;^=0 is identical with =0 and 
— Iiirther, the derivation of the terms, from the sums Jf, 
^d Ms needs to he explamed A term has A = 2 and /S = 0, so 

that It will give rise to a series of values of from 2 to - 2 all 


h h 
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1 1 

1 1 
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±i ±i 

1 

10 0-1 

®P 


-1 

±i ±1 
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10 0-1 



0 0 
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0 
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10 0-1 



~1 -1 

i “i 
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0 



13 4 Combination of two equivalent p electrons, 
suiting terms are calculated 


showing how the re- 


having Ms=Q To work from and Ms to L and S therefore, 
start with the highest value of M^ available, namely 2 m the 
above figure, and cross out both a senes of values of M^^ from 2 
to -2 a,nd the corresponding values of Ms, namely 0 When 
toese values have been deleted, the table of Ihg 13 4 reduces to 
that shown m Fig. 13 5 


Ml 

Ms 

Terms 

1 

1 0 -1 

sp 

0 

1 0 -1 


0 

0 


-1 

1 0 -1 





Kow repeat the operation The highest value of M^ is 1, and 
e grea^t correspondmg values of Ms also 1, so that the next 
rm to be wntten m the margm must have A = 1 and ;§ = 1 , and 
toe values to be deleted are M^= 1, 0, - 1 and = i, o, - 1 
^m^ds there remains only o when Ms = 0, representmg 

The calculation of terms ansmg from three eqmvalent p 
mtrodu^ new pnnoiple., the worh. 8mmp,™d m 
hig 13 6, shows that the terms to be ejected are ^D, ap and ^ 
The combmation of four eqmvalent p electrons is worked out 
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m Fig 13 7. The terms arising, be it noted, are those arising from 
two eq[uivalent p electrons, and indeed this could have been 
predicted For six p electrons form a closed group, in which 
every orbit permitted by the exclusion prmciple is occupied, and 
consequently Therefore when there are four p 

electrons, the orbits left unoccupied wiH he precisely those 
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Eig 13 6 Combmation of three equivalent p electrons 
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Fig 13 7 Combmation of four equivalent p electrons 
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Fig 13 8. Combination of six equivalent p electrons 


occupied by two electrons, and the values of Mj^ and will 
be unaltered in magnitude The change in sign will not afiect 
the values of L and S or consequently the terms. For the same 
reasons five p electrons give rise to a term just as one electron 
does 

The terms resultmg from various numbers of p electrons are 
collected together m Fig 13 9, while below are similar tables for 
d and f electrons Of these, the first two were given by Hund and 
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the last by Gibbs, Wilber and White * To save space terms of the 
same multiphcity are sometimes bracketed together, thus 
IS abbreviated to *(PP), and the number of times a particularterm 
occurs IS mdicated by a figure written directly below the letter 


Number of 
p eleotrons 

Terms resulting 

0 or 6 

IS 


1 or 5 


2p 

2 or 4 

iS^D 

sp 

3 


apsD 4S 


13 9 Terms reeultmg from the combination of equivalent p electrons 


No ofd 
electrons 

Terms 

OorlO 

IS 



1 or 9 

*D 



2 or 8 

i(SDG) 

»(PF) 


3 or 7 

“(PBFGH) 

*(PF) 


4 or 6 

i(SDFGI) 

2 2 2 

»(PDPGH) 

«D 

5 

*(SPDFGHI) 

3 2 2 

*{PDFG) 

«S 


13 10 Terms resulting from the combination of eqmvalent d electrons 


No off 
eleotrons 

Terms 

0 or 14 

1 or 13 

2 or 12 

3 or 11 

4 or 10 

5 or 9 

6 or 8 

7 

*F 

^(SDGI) 8(PPB[) 

*(SDFGI) 

^{SDFGHIKM) »(SDFQI) 

isr??;?™) ’dm 

'(SPDPGHIKL) 'F 
‘(PDFGHI) sS 


Pig 1311 Twins resulting from the combmatioa of equivalent f electrons 
3 Deep terms of tie short periods 


H terms of low energy anse from electrons of low energy 
then the deep terms of the short penods must be derived from 

• Gibbs, Wilber and White, PB, 1927, 29 790 
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equiYalent s and p electrons MoreoYer, they can he read off from 
Pig 13 9, for a closed shell contributes nothing to L or S, so that 
the terms which arise from an configuration are precisely 
those which would arise from p^ 

The elucidation of these deep terms is important, because a few 
terms often giYe the key to the whole spectrum, and transitions 
ending m deep terms yield the brightest hues 


Outer electrons 

G-round 

term 

Other 

deep 

terms 

Some spectra in 
which these terms 
have been found 

Total 

s 

P 

1 

1 






Na I, Cs I, Ca u, A1 HI 

2 

2 

— 

is 

— 

Mg I, Ca I, A1 n, 0 m 


2 

1 

2p 

— 

A1 1 , T1 r, C n, N m 

4 

2 

2 

sp 

ID IS 

Ci, Pbi,Nii, Om 

6 

2 

3 


2J) ap 

N I, Sb I, 0 II, Cl m 

6 

2 

4 

sp 

IBIS 

0 1 , Se I, Cl n, A m 

7 

2 

5 

ap 

— 

F I, Cl I, A n, Na in 

8 

2 

6 

is 

— 

Me I, Kr i, Na n, Ca ni 


Fig 13 12 Low terms of the short periods 


4 Two energy rules 

In the spectra of the short periods the deep terms are few in 
number, and so those predicted by theory are easily matched with 
those found empirically. But of the higher terms Yery many will 
arise from a smgle configuration, and to know which of these 
normally he low and which high is a great help to the accurate 
labelling of the empirical terms This problem was first studied 
by Hund, who solYed it m two empirical energy rules. 

The first rule states that those terms he deepest m which the 
electromc spm Yectors are parallel to one another, and m which 
therefore S is a maximum Thus m the alkalme earths, the triplet 
term arismg from any electromc configuration hes deeper than 
the corresponding smglet term, while m the short periods 
Pig 13 12 shows that of the terms arising from the simplest 
electron configuration that of highest multiphcity is the ground 
term 

The second rule adds that of terms which have the same 
multiphcity, those he deepest m which the electromc orbital 
vectors are also parallel, and in which therefore L is a maximum. 
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Accordingly, m carbon lies lower than and m nitrogen 
lies lower than 

Thus of two terms ansmg from a set of equivalent electrons^ 
that which hes furthest to the right in Figs 13 9—13 11 hes deepest 
in the spectrum These rules never fail to predict the ground term 
of a spectrum correctly, but among higher configurations many 
exceptions occur 


5. Inverted terms 


When a group of electrons is more than half full the deep terms 
arising from it are mverted Thus the ground term of All is 
erect, but the ^P ground term of Cl i is mverted, the ®P ground 
term of sihcon is erect, but that of oxygen is mverted 
This fact IS best exammed in the hght of a third energy rule, 
which asserts that the deepest components of a term arise when 
the orbital and spin vectors of the electrons are anti-parallel 
When there are no restnctions this rule ensures that m the lowest 


component J will be a minimum and the terms will therefore be 
erect, but when the group is more than half full the restrictions 
imposed by the exclusion pnnciple mterfere 
The ground terms of the elements of a short period may be 
built up graphically by addmg one electron at a time The first 
electron, havmg its 1 and s vectors anti-parallel, as shown m 
Fig 13 13, gives use to a ^P^ term On addmg the second electron 
the first energy rule makes Sg parallel to , and would make I 2 
parallel to if the exclusion prmciple did not mterfere, but 
eqmvalent electrons may not have the same values of if they 

already have the same values ofm^, so if was -l,m; must be 

or 1, and of these 0 will give the lower component smce it will 
e the vectors more nearly anti-parallel, accordmgly, m 
Fig 13 13 the 1, vector is drawn horizontal 

of a third electron emphasises no new prmciple, 
u e curt , if it is to produce the empirical term, must set its 
orbi^ vector 1 anti-paraJlel not to the resultant S but to the 

anri ®4 The lowest component then appears as ^Pg , 

afi the other components of the ground term are 3p^ and 
the term appears inverted. 


INVERTED TERMS 


17 


xni] 

This theory, which can of course be apphed also to d and f 
electrons (Fig 13 14), explains well enough why the ground terms 



Fig 13 13 Vector diagram shcwmg how the ground terms of a p shell may be 
derived with the help of the Pauh exclusion prmoiple 

of certain spectra are inverted, but it would not necessarily lead 
one to expect that many of the higher terms would also be 
inverted as m fact they are A theory developed by Goudsmit,* 
serves however to brmg out this point 

* Goudsmit, PR, 1928, 31 946 Ruark and Urey, Atoms^ molecules and 
quanta, 1930, 332 


CASH 
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Previously, the wave-number of a component of a multiplet 
term has been written (4 1 ) 

Where vq is the wave-number of the centroid Let us aaanmpi that 
When several electrons are active the atomic displacement F is 
itself the sum of eleotromc displacements yi , 72 , , 

In the vector model the energy of an electron having orbital 
a,iid spm vectors Ij, Sj is assumed proportional to them and to the 
oosme of the angle between them, so that 


yi=aiZiSiCos(liSi) (13 1) 

Now processes round L and round S, so that 
Yi = cos (Ij L) Sj cos (SiS) COS (LS), 

ox summing for all the electrons, 

r=Syi=cos(LS)SaiZiCos(liL)aj^cos(SiS) (13 2) 

In order to advance beyond this equation. Slater* had to Tnalra 
^ further postulate, the electrons are to be divided mto two groups 
aiCcordmg as their spm vectors are parallel or anti-parallel to 
■fclie atomic spm vector, the resultants L' and L" of the corre- 
spondmg orbital vectors are then ‘ action variables ’, which mter- 
I>reted m terms of the vector model means that they must both 
be mtegral 

Consider now the ®P ground teim of an element, such as oxygen, 
with four p electrons Three of these will have s parallel to S, 
while one will be anti-parallel Clearly then L"=l, while L' might 
assume any value less than 3 did the exclusion principle not 
intervene, reqmrmg that if all three electrons have the same value 
of then they can none of them have the same value of mj, 
consequently, when S' is 1 J, the only possible value of L' is zero 
lEquation (13 1 ) now reduces to 

r=aacos(LS)(L'-L"), (13 3) 

for if all electrons are equivalent a^ = a^= = a„ and aU may 

be written a 

This formula accounts for the empirical facts So long as a shell 
is less than half full F will be positive and the terms erect, but 
* Slater, PR, 1926, 28 291 
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■vrhen there are present three p, five d, or seven f eleotrons, 
L'=L'*=Qy and the ground term will be an S term of multiplicity 
one greater than the number of electrons present When a shell is 
more than half full i', but not L'\ is zero, so that F is negative 
and the terms are inverted 

A very pretty confirmation of this theory is found in nitrogen, 
most of whose terms arise J&om the 2p^ configuration of Nn 
and are consequently erect, two deep terms, however, a and a 
^P, are mverted, and it seems clear that these have the electronic 
structure 2s 2p^ * 
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CHAPTER XIV 

ELEMEISTTS OF THE SHORT PERIODS 
1 Elements to be considered 

The seyenth. from last element of each period has a ground 
term, and this may be taken to mean that the configuration of 
each of these elements consists only of complete shells , the last 
SIX elements of each period shown in Fig 14‘l5 are therefore 


Column 

III 

IV 

y 

VI 

YII 

yiii 

Configuration 

P 

P' 

p® 

P" 

p‘ 

p“ 

Elements 

B 

C 


0 

F 

ISle 


A1 

Si 

p 

s 

Cl 

A 


Ga 

Ge 

As 

Se 

Br 

Kr 


In 

Sn 

Sb 

Te 

I 

Xe 


T1 

Pb 

Bi 

Po 


Nt 

Ground term 

2p 

sp 

*S 

sp 

2p 

^S 

Prominent multiplicities 

2 

1,3 

2,4 

3,5 

2,4 

1,3 


Tig 14 1 Elements ansmg from configiirations of p electrons 


formed by the entrance of six electrons mto a new shell, the sixth 
electron completmg the shell and formmg the mert gas As this 
shell must consist of p electrons in the first short period, it 
presumably consists of p electrons m the other periods 
If this is true, then the partly filled shell of p electrons should 
produce the ground term of each spectrum, the terms being 
^P, ^P, ®P, 2 P, m successive columns, and m fact these are 

the terms found. Of the higher terms the great majority are 
formed hy adding an electron to the ground term of the ion 
Consider, for example, the spectrum of carbon in which there are 
only two p electrons, thegroundterm of C ms ^P, and accordingly 
Ci should consist of singlets and triplets, the terms produced 
bemg ip and i(SPD) and ^(SPD), or i(PDF) and ^(PDP), 
accordmg as the second electron moves in an s, p or d orbit And 
similarly m column VI the ground term of the spark spectrum is 
so that the arc spectrum should consist chiefly of the resulting 
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tnplets and quintets, though some less prominent terms may 
arise by the addition of an electron to the metastable states 
p® and p® of the ion 

2 Irregularities and their cause 

In the early days of spectrum analysis, spectroscopists were 
able to order only those spectra in which series are prominent, 
for a senes was the only regularity which they had recogmsed 
To-day, the spectroscopist who has analysed a spectrum mto a 
complex of terms can name those terms only if they exhibit some 
regulanty, and the regularities on which he chiefly rehes are the 
selection rules, which serve to determine J, the magnetic sphttmg 
factor, and the mtensity and mterval rules The three last are 
linked together, for when a spectrum fails to obey one rule, it 
often fails to obey all three, and in terms of the vector model this 
is taken to mean that the couplmg of the vectors ceases to be that 
postulated by Russell and Saunders 

What then are the influences which make a term irregular *2 
Bnefly they may be summarised as three, first is an increase m 
atomic number, carbon is more regular than lead, and neon than 
krypton, secondly, the column of the periodic table is sigmficant, 
for the spectra of the elements on the left-hand side are more 
regular than those on the right, berylhum is more regular than 
mtrogen and mtrogen than neon, while third stands the height or 
energy of a term, for the higher a term hes the less hkely is it to 
obey the simple rules, and particularly the mterval rule These 
infi-uences are here stated as empirical rules, their explanation 
will be attempted only m a later chapter 

3. The earth metals, s^p configuration* 

The spark spectra of the earth metals, like the spark spectra of 
the alkahs, have a groimd term, so that the arc spectra should 
consist of doublets, and m fact a system of doublets has been 
found and analysed mto prmcipal, sharp, diffuse and fundamental 
senes Where the terms have been resolved they have been shown 

* Grotnaa, Qraphische Darstellung der Spelctrm, 1928, 1 122 f and 2 80, 
96 
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Fig 14 2 Level diagram of thaUmm (After Grotrian, Ghraphische 
Darstelhmg der Spektren ) 
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to be usually erect, m Pbii, however, the and terms are 
mverted 

The ground term is clearly a P term, for the prmcipal series 
extends mto the infra-red and has a hmit of much greater wave- 
length than the hunts of the sharp and diffuse series (Pig 14 2), 
in this the doublets of the earth metals may be compared to the 
triplets of the alkahne earths Moreover, the absorption spectra 
confirm the ground term, for when the metalhc vapour is mam- 
tamed at a low temperature, and illuminated with white hght, 
the sharp and diffuse series are absorbed, but not the prmcipal 
senes 


Ain 

All 

h h 

Term 

h 

Terms 

^2 ^8 
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"S 

3p 

apo 

s® p 

4s 

4p 

3d 

4f 

apo 

2po 
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p 

S2 d 
sa f 
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*P 2(SPD) 

sp* 

4s 

tl 

4po apo 

‘(SPD) 2(SPD) 

‘(PDF)” 

sp 8 
sp p 
sp d 

3p" 

ap 

3p 

4jgo gpo 2J)0 

P® 


Fig 14 3 Terms predicted m colmnn III 


Above the ground term of A1 1 hes first an S and then a D term, 
and theory makes it clear that these arise by the addition of 4s 
and 3d electrons to the ground term of Ain Terms of the arc 
spectrum may, it is true, arise from spark terms other than ^S, but 
they do not belong to the simple doublet system, m practice 
these terms do not produce bright hues m the elements of column 
III A, but they appear lymg quite low m all the spark and higher 
spark spectra, which are isoelectromc with this column, such as 
Si n and Sb m The structure of these terms is shown in Fig 14 3 

4- Column IV, s^ps configuration 

In the fourth column Hund’s scheme predicts that the s^pS 
configuration wiU produce five low terms ®Po,i, 2 , and m 
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that order proceeding from the ground term up, and empirically 
m carbon, sihcon, germamum, tin and lead five low terms have 
been found 



!Fig 14 4 Level diagram of sihcon In this and the foJlowmg diagrams, even 
terms are shown by a circle and odd terms by a triangle Terms produced by the 
same electron are jomed by a broken Ime, when the electron is an s electron the 
Ime IS drawn , when a p electron and when a d electron 

In the region extending from the red end of the spectrum 
down to 2000 A the carbon arc produces only one Ime, 2478 A , 
but when a trace of carbon dioxide is added to hehum at a pressure 
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of 20 to 30 mm many Imes occur which have been attributed to 
the neutral carbon atom Analysis of the spectrum shows that the 
reason why the visible lines are difficult to excite is that they 
arise between high terms, the low terms produce hnes m the 
ultra-violet, and these occur qmte readily both in the arc and m 
vacuum tubes contaimng carbon compounds 
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Fig 14 5 Terms predicted m column IV 


The C I spectrum arises from the ground term of C ii and has 
been analysed qmte regularly mto a number of triplets and 
singlets, m contrast Pbi has been analysed only into series To 
understand this better, consider the changes which occur m the 
s p® and s^p s configurations with increasmg atomic number 
Thus m Ci the ground term has nearly the ideal interval ratio 
of the Russell-Saunders couplmg, while the extreme interval is 
small compared with the distance which separates the ®P from 
the term. Prom this ideal the low terms of Si i, Ge i and Sn i 
fan further and further away until in lead A^Poi is greater than 
A3P,2, while the extreme triplet interval A^P^^^ is as great as the 
separation of the and terms (Pig 14 6) 
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Agam examine the intervals of the s^p s configuration which 
produces a and term, in carbon the extreme interval of the 
®P term is only 60 cm while 1500 cm separates ^Pg from ^P^, 
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Ge 

Sn 

Pb 


14 8 

77 1 
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862 8 
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Fig 14 6 Colunm IV Intervals in the ground configuration, 

but in tm the triplet and smglet are transformed mto two diads, 
having mtervals of only 300 and 600 cm but separated from 
one another by 4000 cm (Pig 14 7) 
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Si 

Ge 

Sn 

Pb 

®Po-®Pi 

20 

77 

261 

274 

327 

»Pa-®P2 

40 

195 

1415 

3714 

— 

»p,jpi 

1589 
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903 

628 

— 

A®Po 2 

60 

272 

1666 

3988 



A*Pi 1 * of ion 

64 

287 

1768 

4263 

14,071 


Fig 14 7 Column IV Intervals m the lowest s^p s configuration 

These changes run parallel to the mcreasing mterval of the ^P 
ground term of the spark spectrum, and the relation between the 
two may be explamed in terms of the vector model, provided that 
the separation of two terms is assumed roughly proportional to 
the strength of the oouphng producing it This assumption is 
indeed imphcit m the description of regular terms already given, 
for if, to fix ideas, the two p electrons of C i are considered, the 
triplet and smglet terms are found widely separated, a fact 
which the vector model translates to read that the spin couphng 
(s^Sg) IS strong, or again the two smglet terms are also widely 
separated, and so the orbital couphng (lilg) must also be supposed 
strong, but the intervals of the ^P term are small and so the 
couphng responsible, namely (LS), must be weak 

Consider then the addition of an electron to an ion specified by 
^L, and if the couphng is Russell-Saunders, the couphng of 
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and must be split when the electron is added, and only after 

has combmed with 1 and with s may their resultants L and 
S combine together to form an atomic resultant J In symbols, 
the coupling then appears as 

{(,Ll)(,Ss)}={LS} = J 

And this theory may be expected to yield a satisfactory account 
of the facts, so long as the (^L^S) couphng is weak, that is, so long 
as the interval of the spark ground term is small, a condition 
satisfied in carbon but not m tm In contrast, when (^L^S) is 
strong, we obtam a more satisfactory accoimt of the term scheme 
by considenng the lomc and electromc vectors permanently 
coupled to and ] respectively, then the sphttmg is produced by 
the strong couphng (,L,S) and the weak couphng (,J]), so that in 
Sn I the s^ p s configuration produces not a triplet and a smglet 
but two chads 

This new coupling is commonly referred to as (]]) couphng, 
bemg written symbohcally as 

(,L,S)(ls) = (,J]) = J 

It IS characterised by strong mter-system lines, and in fact these 
are easily discovered in lead and can be traced greatly weakened 
m mtensity back to sihcon, but there is still a httle doubt about 
the three hues found by Jog* in C i, for if the hnes found are those 
sought, the smglet term values assigned by Fowler must be 
changed by no less than 667 cm 

5 Column V, configuration 

Hund s theory predicts that in the elements of column V the 
ground term should be and that above this should he four 
metastable states and And empirically these five 

terms have been found m the arc spectra of mtrogen, phosphorus, 
arsemc, antimony and bismuth 

Of these spectra only N i and P i have been fully analysed 
Ni was not easily observed, for many of the hnes he mcon- 
vemently far out m the infra-red or ultra-violet, moreover, when 
excited by an arc strong bands appear which are apt to mask the 


* Jog, N, 1929, 123 318 
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Pig 14 8 Level diagram of mtrogen 
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ultra-violet lines, while more vigorous excitation only brings out 
the spark hnes Compton and Boyce have, however, excited the 
ultra-violet hnes with smgle electron impacts, a convement 
teohmque because work on neon and argon shows that a smgle 
impact will not disturb more than two electrons, no hnes of the 
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Rig 14 9 Terms predicted m colunm V 


second spark spectrum bemg produced even when the potential 
is more than adequate 

In P I many hnes he even further out m the infra-red than in 
Ni, so far out m fact that the usual sensitiser neo-cyamne would 
not serve, recently, however, at the Bureau of Standards a new 
sensitiser has extended the range which can be photographed 
and a thorough analysis of P i has been made 

In the three remammg elements few terms outside the ground 
configuration have been named, though the energies of many are 
known, the mtervals of these five terms, however, still show them 
as a singlet and two doublets m Sb i (Fig 14 10), while in Bi i the 


Interval 

N 

P 

As 

Sb 

Bi 


19,202 

-8 

9,606 

1 0 

11,366 

15 

7,346 

25 

10,591 
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7,272 
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2069 
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11,505 


configuration, sV Note the 

Change from IS coupling in nitrogen to jj coupling m bismuth 
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sequence of J values is still unchanged, so that the terms may be 
named by analogy, in an atom of high atomic weight (LS) 
couphng IS not to be expected 

Of the higher terms httle need be said, in N i the lowest are 
and from the 2p2‘ 3s configuration, while very httle higher lies 
the 2s 2p^^P term The energy relations are shown in Pig 14 8 
Most of the term senes of N i approach the ^P ground term of 
N n as hunt, but experiment shows that different series approach 
different components of the hmit, for if two components of a 
multiplet tend to the same limit the interval decreases very 
rapidly, roughly in fact as l/w-*®, but in Ni the mtervals of some 
terms decrease only slowly or actually increase, this bemg true 
in particular of the 2p^ tis ^P and 2p2 Tid series 
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Fig 14 11 Intervals of the 2p2 m series m N i 


With large values of n the intervals of the 2p2 7^s ^P series may 
reasonably be supposed to approach the values of 50 and 84 cm 
which are the intervals of the ground term of N ii And if this is 
true then ^P^ must tend to the lowest or ^P^ hmit, while ^Pgj must 
approach the highest or ^Pg hmit In Pig 14 12 these facts are 
shown graphically, the separations being measured horizontally 
away from the middle terms, ^P^j in N i and ^P^^ in N n Un- 
fortunately in most series only two or three terms are known, 
and though the intervals of these may be roughly constant, they 
do not estabhsh the limits beyond doubt as the above series 
do Even in the 2p2 nd series, of which five terms are known, 
one would hesitate to say whether the intervals tend to a hmitmg 
value of 50 or 84 cm though evidently they do not tend to 
zero (Fig 14 13) 

The passage of the different components of a multiplet term to 
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different Inmts often leads to wide departures from the interval 
rule, and these, hke the departures due to increasmg atomic 
number, may he described with the vector model For consider 



Pig 14 12 Intervals of tlie 5a Tid ®D senes of Sr i contraiSted with those of the 
2p* ns *P senes of N i, m the first the different senes converge to the same 
limit, m the second they converge to three different lumts 
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236 

22 2 

18 3 

68 3 

42 6 


14 13 Interv€ils of the 2p® tmI senes of N i 


the addition of an electron defined by n, 1, s to an ion defined by 
iL, <S, then in the low terms the couplings (»L1) and (»Ss) are 
B^ng, while (LS) and (Is) suffice only to produce the splitting of 
the multoplet termmtoits components, but (LI) and (Ss) decrease 
as the chief quantum number of the electron mcreases and 
actually vanish when n tends to mfimty, while (LS) remains 
constant, so that when n is sufficiently large the latter becomes 
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the more important and the sphttmg becomes that of the lomc 
ground term 



6 Column VI, configuration 
Hund’s theory predicts in column VI five low terms, ®P 2 ,i,o? 
and ^Sq, and empirically the term has been identified m 


CASH 
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the spectra of oxygen, sulphur, selenium and tellurium, while the 
two smglet terms are still missmg only m sulphur (Fig 14 14) 
The most notable changes in the energies of these low terms with 
increasmg atomic numbei are first the closmg together of the five 
terms, and secondly the movement of the term from its 
normal position one-third of the distance between and ^Pg up 
to and past ^Pg, so that m tellurium the ^P term is partially 
mverted (Fig 14 15) 
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Fig 14 15 Column VI Intervals of the ground configuration, s® 


Beyond these low terms very httle is known of Tei, while m 
Se i only a few qmntet terms have been identified, but a hst of the 
higher terms predicted for all spectra of column VI is given in 
Fig 14 16 
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Fig 14 16 Terms predicted in column VI 


In 0 1 and Si senes were identified by Pascben and Runge 
^tore the end of laet century, and these are listed in Fowler’s 
^port as singlets and tnplets Theoretically these series should 
be prominent, because the normal state of the ion is an S state, 
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but a ^ ground term should produce systems of triplets and 
qumtets, not of smglets and triplets This discrepancy between 
experiment and modem theory was only resolved in 1923 when 
Hopfield identided series of lines arising from the combmation of 
Fowler’s 'smglef S and D senes with a ground term The 
numencal values of the three components of the term are 109, 833, 
109,674 and 109,607,* showing mtervals of 159 and 67 respec- 
tively and an mterval ratio of 2 4 1 In combmations of this term 
the hne of shortest wave-length is the most intense, so that the 
^P term must be inverted 

As inter-system hues are seldom strong, the combmation of 
this triplet term with a ‘singlet’ series suggested that the sup- 
posed smglets were really triplets too narrow to be resolved 
True, the ®P ground term also combmes with Fowler’s Is ‘triplet ' 
term, but the hues are much weaker, and though the Is -> ^Pg and 
ls-5^®Pi hnes are quite clear, the ls-^®Po hne is missmg in both 
0 1 and S I If, however, the supposed triplets are really qumtets 
the absence of this particular Ime is readily explamed, for the Is 
term is then ^Sg , and the combmation with ^Pq is forbidden, smce 
J would have to change by two umts This evidence alone seems 
conclusive, but m 1923 the argument from theory was of httle 
weight and so Paschen and Lande \ felt bound to settle the ques- 
tion by measurmg the Zeeman sphttmg of two qumtet com- 
binations 7771 A , 3p^Pi23^3s®S2 and 3974A , 4p®Pi23^3s^S2 

Above the ®P term thus identified the metastable states 
and ^Sq should he, and recently combmations of these states with 
various higher terms have been identified m Oi, but history 
records that these hnes were found only after McLennan^ had 
shown m a brilhant research that the green auroral hne 5677 A 
arises m a ]ump between these two states As the transition is 
forbidden by two selection rules the evidence requires careful 
scrutmy, it wiH be considered m a later chapter on quadripole 
radiation 

* Hopfield, AJ, 1924, 59 114 

I* Laporte, Nw, 1924, 12 598, attributes this work to Paschen and Land6, but 
the reference given is inaccurate and the paper does not appear under either 
name m Science Ahstrdcts, 1922-24 

1 McLennan, FBS, 1928, 120 327 
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7 The halogens, s^ps configuration 
According to Htind’s scheme the p® configuration produces 
only an inverted term, and m fact this is the normal state of all 

halogen atoms 

The higher terms may be divided into three groups according 
as they anse from the iD or term of the spark spectrum Of 
the predicted terms shown in Fig 1 4 1 7, a large number have been 
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Pig 14 17 Terms predicted m tke halogens 


found in the arc spectra of all the halogens, and m the spark spectra 
of neon, axgon and krypton In particular, Bakker, De Brum and 
Zeeman* have made an extensive magnetic analysis of A ii and 
have studied the spectrum very thoroughly, it provides much 
material for the study of irregular g values and of senes linuts, and 
will be referred to agam in that context, the terms obey the 
normal multiplet laws badly, but the Rydberg formulae rather 
weU f In the hghter elements the empmcal terms are easily 
named, for they approximate to the Russell-Saunders laws, but 
only the J values of the higher terms of 1 1 are known 

Directly above the ground term come even terms from the 
p s and p‘ d configurations Of these the p^ (sp) s comaguration 
so produce five terms, named according to the Russell- 
Saundersscheme4p,j.,j^jand2p,jj,andmfactmPithe extreme 

t ^ Amsterdam, Proo . 1928, 31 780. 




THE HALOGEHS 


37 


xrv] 


intervals of the two multiplets are less than 450 and 350 respec- 
tively, while they are separated by nearly 2000 cm In 1 1, on 
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the other hand, the division of the five terms into multiplets is not 
justified by their energies, as the seq[uence of J values is the 
same as m chlorine, the empirical terms may be named by 
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analogy, but if this is done is 4800 cm -i while 

IS only 900 cm (Pig 14 20) K the five terms are divided by 
their energies, they form two diads below and a monad above, 
thus the lowest terms form a diad and have J values of 2^ and 1^, 
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Pig 1419 Leveldi^mof An Note that the d levels he deeper here than 
m the precedmg figure, which shows the isoeleotromc spectrum Cl i 


being formed presumably by the addition of an s electron to the 
»P 2 spark term, similarly, the next diad has J values of IJ and i, 
and so may be assumed to arise from the addition of the s electron 
to the sPi spark term, and highest of aUhes the single level with a 
va ue of J, arising as (®Pq) s These energy values clearly justify 
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US m Ba 3 niig that the coupling m F i is RusseU-Saunders, but lu 
Ins (]]) 

A corapanson of the isoeleotromc spectra Cli and An brings 
out one common effect of mcreasmg the nuclear charge , in Cl i the 
succession of the configurations is apparently 4s, 4p, 5s, 5p, 3d, 



F 

Cl 

Br 

I 

*I*2*-*Pl* 

275 

530 

1471 

1459 


160 

338 

1977 

4803 


1892 

1398 

300 

924 


325 

640 

1787 

4630 

of ion 

491 

991 

— 

— 


Pig 14 20 Intervals of the (®P) s configuration, showing the change from 
LS to ]j coupling 


terms arismg from all the configurations except 5s havmg been 
identified, but m An the succession is 4s, 3d, 4p, 5s, 4d, the 
increased nuclear charge havmg thus moved the d terms down 
relative to the s and p terms Of this movement much more wiU 
be heard m the long periods 

8 Th.e inert gases, s^p® configuration 

The p® group, bemg a complete shell, produces only a term, 
and empirically this always hes so much deeper than any of the 
odd terms that the hnes which result he in the far ultra-violet 
The ground term and the lowest configuration of odd terms have 
been identified in the arc spectra of neon, argon, krypton and 
xenon and also m the spark spectra Na ii, K n, Rh n and Cs n, of 
these neon was the subject of such a thorough study at a time 
when the structure of complex spectra was very httle understood 
that it still deserves pride of place (Figs 14 21, 22) 

The spectrum of neon consists of two parts, one in the visible 
analysed into series by Paschen in 1918,* and a few ultra-violet 
lines nnknown to Paschen, but discovered by Lyman and 
Saunders m 1925’j and attributed at once to the deep ground 
term The large number of series discovered by Paschen may he 


* Paschen, AP, 1919, 60 405, 1920, 63 201 
t Lyman and Saunders, PM, 1925, 25 886a 
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divided by tb.© energies of their lowest terms into three groups, of 
these the lowest contains four terms, named from below up 85 , 84 , 
83 and Sg, and identified m modern theory with the 2p®(®P)3s 
configuration Above these he ten terms called by Paschen p 
terms, and written from below up p^^ to p^, these combme with 
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Fig 14 22 Terms predicted m the mert gases 


the s terms and clearly anse from the p® (^P) 3p configuration 
Higher still appear twelve terms written some of them d and 
some Si 5 these arise from the p® (^P) 3d configuration All these 
terms were assigned J values by Land 6 * as the result of a mag- 
netic analysis (Pig 14 23), and these J values agree precisely 
with those required by theory 



Fig 14 23 Permitted combmations and J values of the empirical terms of neon 

Though thus far agreement is so satisfactory the s terms alone 
come near to obeying the multiplet laws By Hund’s energy rules 








42 


ELEMEN^TS OE THE SHORT PERIODS [CHAP 

these four terms should be ^P 2 ,i,o order of mcreasmg 

energy (Fig 14 23), the empirical J values estabhsh the and 
®Po terms m the positions indicated, while for S 4 and Sg Back* 
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Pig 14 24 The 2p® ns terms of neon , the empirical g values are those of the 
first or 3s term of the senes 

obtained g values of 1-46 and 1 03, m satisfactory agreement 
with the theoretical values of 1 5 for ^P^ and 1 0 for ^P^ More- 
over, this allotment is confiLrmed by the ultra-violet combinations 
with the ground term, for the hne of lower frequency S 4 ~>-^So 
18 weaker than the hne of higher frequency Sg-^-^Sf, and this 
agrees with the general rule that mter-system hues are weaker 
than combmations between terms of the same system 
The p terms present much greater difficulties, a very brief 
exammation shows that the mterval rule is quite useless, while 
the Land 6 g formula is none too well obeyed Accordingly, the 
matching proposed by HundJ (Fig 14 24) must be regarded at 
best as the reasoned guess of an expert , for a thorough study of 
the transition from Russell-Saunders to (]]) coupling is necessary 
before a satisfactory solution can be reached § Judging from 
H . Russell s success with the complex spectra of the iron row, 
a satisfactory solution might be expected from a careful study of 
mtensitieB, but this does not seem to have been attempted yet 
In ordermg the high terms to series based on these low terms 
Paschen found clear evidence that the series might be divided 
into two groups, some tending to a lower hmit and others to a 
t < 80 cm ^ higher, these two hunts appear in modern theory 

* Back, AP, 1925, 76 317 
+ Shenstone, AT, 1928, 121 619 
t Hund, ZP, 1929, 52 601 

^ Bog6.nv, ZP, 1935, 93 376 and chapter xvm, § 7 
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as the two components of the ground term of Ne n, now known 
to have an mterval of 782 cm Of the s terms Sg and Sg tend to 
the upper limit, s^ and Sg to the lower hmit, the hmits of the p 
series are shown m Pig 14 25 
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Eig 14 25 The 2p® 3p terms of neon 
^ The nammg of the terms is based on the most exiguous evidence 
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Fig 14 26 Intervals of the p® (®P) s configuration m the inert gases 

The spectra of the heavier inert gases are very similar to neon, 
but as the interval of the ground term of the spark spectrum 
increases, its influence on the arc spectrum becomes increasmgly 
evident, it appears, for instance, in the intervals of the four 
(^P) s terms, shown in Fig 14 26 , while in Kr i the p terms divide 
themselves into two groups with an interval of no less than 
5200 cm between them, the upper group consists of four terms 
and the lower group of six just as theory will be shown to require, 
but the chance of fitting the Russell-Saunders notation to these 
terms is more remote even than in neon 

Indeed, the heavy inert gases centre m themselves three m- 
fluences which all conspire to break up the simple Russell- 
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Saunders coupling, first, increasing atomic number makes for 
loss of regulanty, this was discussed particularly in columns 
rv and V, but it is visible in every column, secondly, the increas- 
ing separation of the ground term of the ion tends to divide the 
terms by hmits rather than by multiplets, and lastly spectra grow 
less regular as one passes from left to right across the periodic 
table, neon is less regular than carbon and carbon less regular 
than sodium 
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CHAPTER XV 


LONG PERIODS 
1 The ground terms 

In the short penods the s electron carries appreciably less energy 
than the p electron, and very httle study suffices to show that the 
first two electrons enter an s shell and the last six a p In the long 
penods however, while an s electron still carries less energy than 
a p, the s and d electrons carry roughly the same energy, so that 
a first glance shows one group of twelve elements mstead of two 
groups of two and ten 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

K 

Ga 

Sc 

Ti 

V 

Or 

Mn 

Pe 

Co 

Ni 

Cu 

Zn 

Rb 

Sr 

Y 

Zr 

Ob 

Mo 

Ma 

Ru 

Rb 

Pd 

Ag 

Cd 

Cs 

Ba 

La-Lu 

Hf 

Ta 

W 

Re 

Os 

It 

Pt 

Au 

Hg 


Bohr’s work on the periodic system showed that in the first two 
of these twelve elements the electron enters an s orbit, but that 
thereafter as the nuclear charge increases the d orbits grow more 
stable and the s less, until in the spark spectrum of a system of 
ten electrons all ten occupy d orbits, and produce the ground 
term characteristic of a complete shell The eleventh and twelfth 
electrons then re-enter the s shell producmg copper, zmc and 
their homologues Thus m only eight of the twelve elements are 
the configurations still m doubt, these eight were enclosed by 
Bohr m a frame, and wiU be described m successive periods as the 
elements of the iron frame, the palladium frame and the platmum 
frame 

Smce only two electrons can enter an s shell, an atom with n 
outer electrons has the choice of only three configurations, 
d^, d^“i sandd ^“2 s^, the chief quantum numbers will usually be 
omitted, in order to simplify the discussion, for the orbits are 
always 3d and 4s m the iron frame, 4d and 5s in the palladium 
frame and 5d and 6s m the platmum frame 

The terms, which any configuration produces, can be calcu- 
lated, and if the lowest term of each configuration is that with 
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largest spin and orbital vectors, a list of possible configurations 
and tbe ground terms 'vrbicb. they produce can be compiled, as 
15 1 shows But the groimd term is the easiest of all terms to 
detenmne empmoally, so that the argument which produced this 
table may be reversed, and the ground term used to decide which 
configuration produces the lowest term (Figs 16 2-4) When 
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there are 3, 6 or 9 electrons, two configurations produce the 
same ground term, and then further study is necessary to dis- 
tmguish between them, where a configuration has been obtained 
in this way, it is enclosed in brackets 
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Fig 16 3 Ground terms of the palladium frame elements 
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Fig 15 4 Ground terms of the platmum frame elements 

With only one exception the arc spectra of the iron firame 
(Fig 15 2) have d^“^ s^ as their ground configuration, while the 
spark spectra have d^“^ s or d^, a contrast which shows how 
general is the tendency of the d electrons to sink relative to the s 
electrons as the nuclear charge increases, of this tendency an oft- 
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quoted example is the descent of the s electron of Ki and Can 
into the d orbit of Sc m In the palladium frame (Fig 15 3) the 
tendency is again m evidence, the d^ configuration produces the 
ground terms of six spark spectra, but only one arc Com- 
parison of the iron and palladium frames shows that the d orbits 
are more stable m the latter, of the platinum frame (Fig 15 4) 
not much is yet known, but there is some reason to think that m 
the early elements the d orbits are more stable still, but that after 
the mtrusion of the f shell between lanthanum and lutecium, the 
d shell IS less stable even than in the iron frame Thus La ii has a 
d 2 3p ground term m contrast to the ds®D of Sen and the s^^S 
of Y n, but the ground states of Lu n, Lu i, Hf i and Ee i all seem 
to contam two s electrons, besides vaiymg numbers of d electrons 


2. Configurations and analysis 

In all three frames the s and d electrons have roughly the same 
energy, and this determmes the general form of the spectra 
A configuration which contains only s and d electrons outside the 
last closed shell wiU consist of even terms, and accordmgly the 
low terms of all elements are even, they will usually arise from 
two different configurations, and as no combinations are per- 
mitted, the higher of the two is metastable 

Above these low terms come a group of odd terms containing 
a p electron, and above those again a second group of even terms 
containing only s and d electrons Theory allows many higher 
teriM, but m practice the hues mvolving these terms are weak 

or a sent, so that senes consist of only two or at most three 
terms 


Tim means that the method of analysis differs from that 
apphed to simple spectra*, the spectroscopist tries to find not 
^ “ oilier spectra constant differences 
m. of pairs of hnes indicate terms, and these 

term com- 

bmes ordy with an even The ground term can usnaJly be picked 

absorptioTh^es^tlT vUiims and most of the 

. e spark produced under water is also useful, 

* For aa ac««nt of niethods of analyse, see EusseU, ^ 1927, 66 348 
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for the spectrum consists of a few lines all ending m the ground 
term 

The approximate energy of a term can be determined by 
exa mini ng the temperature class of the hnes to which it gives rise 
If it is of low energy content, then it will appear bright at a low 
temperature and m King’s classification will belong to a low class 
This and the division mto odd and even terms will often determine 
the configuration to which a term belongs 

Fmally, the terms of a configuration may be divided into 
multiplets by examimng the intensities of the hnes to which they 
give rise, for when the couplmg is not normal the mtensities are 
far less seriously disturbed than either Lande’s mterval ratios or 
the magnetic sphttmg factors 

To smt these new methods of analysis, new ways of specifymg 
the empirical terms have had to be developed, thus the analysis 
may succeed m fi nding terms, but be unable to divide them mto 
multiplets, the terms are then numbered 1, 2, 3, begmnmg 
from the term of lowest energy, or if the J value is also known then 
this may be added as a suffix I 2 J Or agam the terms may have 
been worked out, and then each term is specified by a small letter 
placed before its term symbol, in this notation the letters a to e 
are reserved for the low terms, 2 , y, x, for the middle or odd 
terms, and/, g, h, for the high terms, in each group the terms 
are lettered from low to high energy 

3 Individual spectra 

The spectra of the long periods are most naturally classified by 
the number of electrons outside the last mert gas shell, and m this 
order they will be reviewed 

The energies of aU the low terms and a varying number of odd 
terms are tabulated, the energy given for any multiplet is that of 
the component with greatest J, for this wall produce the strongest 
hnes, the energies are measured up from the ground term, and the 
ground term itself is in clarendon type To avoid any misunder- 
standmg the chief quantum number is added for spectra of the 
iron frame, to apply to the palladium and platinum frames it 
should be increased by one and two respectively 

CASH 


4 
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One electron Ki, Rbi, Csi, Can, Srn, Ban, Ran, Scm, Ym, 
Lam, Lum, Tiiv, Zriv, Ceiv 

In the arc spectra of the aJkahs and the spark spectra of the 
alkahne earths the ground term is always ®S, the single electron 
occupying a 4s, 6s or 6s orbit With further increase in the nuclear 
charge, however, the electron falls into a d orbit, for Sc in, Y m, 
Zrrv, and Ceiv are all known to have a ground term 

The mtroduction of a group of f electrons produces, however, a 
surpnsmg change, Lu m, which differs from La m only in having 
this group, has a ^ ground term, so that the 6s orbit must have 
grown more stable than the 6d 
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Rg 15 6 One electron Energies of the low terms 


Tvx> electrom. Cai, Sri, Bai, Sen, Yu, Lan, Lun, Tim, 
Zrm. 

The groimd terms of the arc spectra of the alkaline earths and 
the second spark spectra of column IV are respectively ^S^ and 
®Pa, the first ansmg fix»m the s® configuration and the second from 
the d®, and this IS natural enough, smee the d orbit normally sinks 
relatave to the s as the nuclear charge mcreases Between these 
two extremes the singly lomzed earth metals should provide a 
natural transition, and m some measure they do, for the ground 
tam of So n IS d s ®I> and of La n d® ®F, while if the f shell screens 
^ outer electrons from the nucleus the s® iS ground term of Lu n 
^ not^ unexplained But that the ground term of Yn should 
^8 IS a striking anomaly, for the above scheme would 
I®edict It as arising either from d s or d®, moreover, the ground 
term of nearly every spectrum is denved by the addition of an 
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electron to the ground term of the next higher spark spectrum, 
but Y n forms an exception to this rule also, for the smgle electron 
of Y in occupies a d orbit 

The other low terms which theory dictates are shown in 
Fig 15 7, and just these terms are actually found m the spark 
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Tig 16 7 Terms predicted from two electrons 

4-2 














52 


LONG PERIODS 


[CHAP 

spectra, has been a little difficult to locate, but it has been 
found all right m Tim and Zrm These low terms are m satis- 
factory agreement with Hund’s energy rules , m the d s configura- 
tion of Sen, for example, the term hes below ^D, while m the 
d^ configuration hes below among the smglets, however, 
b IS lower than a Deviations such as this are common m all 
spectra 

The middle and high terms have also been c oUected in Fig 15 7, 
and the general relations of a typical spectrum are shown m 


60,000 

cm“^ 


40,000 


20,000 


0 


Fig 15 8 Simplified level diagram of Sc n 

Pig 15 8, where the four groups of even terms, arising from the 
configurations Sd^, 3d ds, 3d 4d and 3d 5s, all combme with the 
central group of odd terms, but not at all with each other This 
means, of course, that all terms of the 3d^ configuration are 
metastable, for no direct return to the ground state is possible 
In the high 3d 4d configuration of Sen the agreement with 
Hund s energy rules is much less satisfactory than among the low 
terms, among the triplets ®P and he close together, but some 
4000 cm ^ above the ®G, ^D and ^S levels, while among the 
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singlets, on the other hand, and he some 4000 cm below 
the ^G, and levels, each group bemg fairly compact This 
curious alternatmg arrangement of energy levels finds a parallel 
in pentads of similar origm in other spectra, but it is quite con- 
trary to Hund’s energy rules and has only recently received any 
theoretical explanation 

All the triplet terms of Sc n are erect, and most of them obey 
the interval rule well (Pig 15 9) 


Configuration 
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Eig 15 9. Interval rule m the low terms of So n 


Three electrons Sci, Y i, Lai, Lui, Tin, Zrn, Cen, Hfn 
The ground terms of the arc spectra of scandium, yttrium and 
lutecium are d s^^D, while the usual subsidence of the d relative 
to the s orbit produces d^ s ®P in the spark spectra of titamum and 


Low terms 



Sc 

Y 

La 

Lu 

Tin 

Zr II 

Ce n 

Hfn 

3d 4sa sDij 

168 

530 

1053 

1994 

25,193 

18,397 

420 

— 

4s 

11,677 

11,532 

4122 

— 

893 

1,323 

1923 

’8362 


— 

15,477 

— 

— 

10,025 

8,058 

1870 




20,237 

18,499 

— 

— 

15,258 

14,190 

— 

— 

“Pai 

15,042 

15,864 

— 

— 

4,898 

6,468 






17,013 

16,159 

— 

— 

8,744 

4,505 

— 

’3051 


— 

19,406 

— 

— 

16,625 

6,112 





»S* 

— 

— ■ 

— 


21,338 

25,202 

— 

— 

3d» 

33,906 

29,843 





1,216 

3,758 





‘Psi 

36,573 

32,366 

— 

— 

9,518 

9,969 






— 

— 

— 

— 

12,775 

12,360 

— 

— 

■“041 

— 

— 

— 

— 

9,118 

8,163 

— 

— 

“Pal 

— 

— 

— 

— 

20,892 

19,431 

— 

— 


3b,330 

— 

— 

— 

12,758 

14,733 

— 

— 

“Pm 

— 

— 

— 

— 

— 

14,163 

i — 

— 

“Pi 

— 

— 

— 

— 

9,970 

20,080 

— 

— 


Fig 16 10 Three electrons Energies of the low terms 
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ziroommn It has been suggested that the ground term of Bf n is 
d® 8 ®D, but this irregukxity still awaits confirmation 
The low terms predicted by theory are collected m Eig 15 10, 
every one of these terms has been found m Zr n, while all the odd 
terms have been found m Y i, thus once again the great power of 
Hund’s theory is demonstrated The greatly mcreased com- 
plexity of Sci and Y i compared with Sc n and Yn is perhaps so 
obvious that it hardly deserves mention 
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®ig 16 11 Terms predicted from three eleotroiis 


He lines due to transitioiis from high to middle terms are, in 
the spectrum of Yi, so much weaJier when the terms are doublet 
than when quartet, that very few high doublet terms have been 
identiSed. 

JWeleefcwM. Tii, Zri, Bfi, Vn, Obii 

Th® arc spectra of titanium, zarcomum and hflfhmTn all have as 

configuration, but the d orbit 
emtotiy falls abruptly relative to the s at this point, for the 
spaA spectra seem to have d*»D as ground term 
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The spectra of titanium and zircomum have been very 
thoroughly analysed at the Bureau of Standards by Russell and 
Kiess, and almost all the low terms from the d® s^ and d® s con- 
figurations have been identified In their analysis of hafnium 

Low terms 
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Fig 16 12 Four electrons Energies of the low terms- 


Meggers and Scnbner had to rely on wave-lengths and furnace 
intensities only, but this has not prevented them from identifying 
seven even and 63 odd terms From a study of the observed 
combmations, J values have been assigned and the suggestion put 
forward that the lowest three terms are d^ s^ ^F The J values 
would allow the next terms to be and and this allotment 
would make the low terms very similar to those of Tii, but 
further discussion must wait on the promised measurements of 
the Zeeman effect 
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Among the odd terms those due to the configuration d^ sp lie 
lowest m the arc spectra, but terms from the two other con- 
figurations have been recogmsed 
Numerous combmations have been found between both smglet 
and tnplet terms, and between triplet and quintet terms, but very 
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Kg 15 13. Terms predicted from four electrons. 


few between singlets and quintets, and even these few are all 
ausoeptible of the same explanation When two terms of the same 
ooofiguration and the same J have nearly the same energy, they 
Bhaw both their intensities and then: g values Thus d» p 
oombmee with ^ low even «D * term because the former hes very 
now to the term of the same configuration, the empincaJ. g 
values of the 4d» SpiDj® and terms of Zn are both 1-42, 
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wliereas the Laaid4 values are 1 000 and 1 833 respectively, 
their respective energies are 34,860 and 34,761 cm 

Five electrons V i, Cbi, Crn, Mon 

The ground term of these spectra starts as of the d® s® 
configuration m the iron row, changes to ®D from d^ s in the 
palladium row, and settles down as d® ®S in both the spark spectra , 
these changes clearly conform to the general type 
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Fig 15 14 Five electrons Energies of the low terms 


Of the other low terms httle is known outside the Or n spectrum, 
in which many quartet but only two doublet terms have been 
found, these doublets are conspicuous in breakmg Hund’s energy 
rules, for they he among the lower of the quartet terms 

The odd terms are best developed by the addition of a p electron 
to the lowest terms of the parent spectrum, in this way a numbei 
of triads are formed, and these agree very satisfactorily with the 
terms found empirically Thus in V i there occur a triad of sextet 
terms at 18,000 cm”^ and a triad of quartet terms at about 
22,000 cm ""i, the J values show that in fact these are the two 
triads ®(DFG)® and ^(DFG)° which should arise by the addition of 
a p electron to the low d® s ®F term of V ii 

Of all these five electron spectra Crn has been the most 
thoroughly analysed, and in it nearly all the terms both obey the 
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interval rule reasonably “well and have normal g values The 
and terms of the d^ p configuration are irregular judged by 
either cntenon, but a term which deviates from one rule, often 
deviates from the second as well 
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Pig 16 15 Terms predicted from five electrons 


B-^x dectrons Cri, Mo i, W i, Mn n 

The analysis of these spectra has hardly extended beyond the 
septet and quintet systems, only a few tnplets haying been found, 
and no singlets though these undoubtedly occur The arc spectra 
of chromium and molybdenum and the spark spectrum of man- 
ganese all have d® s’S as ground term, mcontrast the ground term 
of tungsten is probably but the analysis is so little advanced 
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®ig 15 16 Six electrons Energies of the low terms 
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that this camiot he surely assigned to the s^ as against the d® 
configuration 
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Fig 15 17 Terms predicted from six electrons 

The list of low terms is complete, but the middle terms are developed from the 
low terms of the spark spectrum, a complete hst would be so long as to give no 
gmdance at all 

Seven electrons Mni, Rei, Fen, Run 

The ground term of the arc spectra of manganese and rhemum 
IS d® s^ ®S, but it changes first to d® s ®D and then to d"^ ^F in the 
spark spectra of iron and ruthemum respectively, thus once 
agam the d orbit is seen to sink relative to the s orbit, when we pass 
from one period to the next or from an arc to a spark spectrum 
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Fig 15 18 Seven electrons Energies of the low terms 
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The ground term of Mn i has been, recently confirmed by showing 
that all the resonance lines arise from jumps ending m the ®S 
state * 
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15 19 Low terms of Mn i developed from the low terms of Mn n 
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Pig 15 20 Terms predicted from seven electrons 


^^ith the mcreasmg number of electrons, even the low terms 

^ome so complex that they are not easilyidentified, to meet this 

e ty the low terms may be dereloped from the lowest terms 
o e spectrum, just as the odd terms have been developed 

XHus m Pig 15 19 there are only a few terms where m Pig 16 20 
there is a huge mass 

* Fndnchson, ZP, 1930, 64 43 
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Since the ground term of the spark spectra of Mn and Re is 
series are to be expected m the arc spectra, and m fact Catalan* 
did first analyse Mni mto a number of series The lowest terms of 
the odd series are shown in Fig 15 20 

The terms of these spectra are nearly all mverted, while those 
of Ru n show very regular g values 

Eight electrons Fe i, Ru i, Co n 

The ground term of the arc spectrum of iron is d® s^ but the 
ground term changes m the normal way to d’ s ®F and then to 
d® ®F m the arc spectrum of ruthemum and the spark spectrum of 
cobalt respectively. 

Low terms 
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Fig 15 21 Eight electrons Energies of the low terms 
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Fig 16 22 Low terms of Fe i developed from the low terms of Fe n 


Hmd’s theory predicts for the d® s* configuration one quintet 
and seven triplet levels besides a number of singlets In the iron 
* Catalan, Phil Trans B 8 , 1922, 223 127. 
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aio the ®D term is mTerted and follows the interval rale fairly 
weU, as the following table shows (Eig 16 24) 


Low terms 


Configuration 
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Triplet 
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3d« 4 b® 

D 

PDFGH 

2 2 

SDFGJ 

2 2 2 
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M%ddle terms 
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Fig 16 23 Terms predicted from eight eleotrons 


Term 

Interval AB/cih 

A 

H 

89 9 

89 9 


1841 

92 1 

In 

288 1 

96 0 

mM 

415 9 

104 0 





Fig 16 24 latervalB of the d® b* ®D term, of Fe i 


Of the triplet levels, only four have been found, these are aU 
inverted and obey the interval rule about as weU as the term 
Groudsnut’s theory of the displacement sum predicts that the 
term will be erect, but the term is still umdentified. 

The other low configuration of the iron arc is d'^.s, the four 
terms so far identified being clearly produced by an s electron 
adding itself to the d"^ and terms, for the derivation is m- 


I 









PLATE V 


1 Flnor(^scont spectrum of chromium m AI 2 O 3 at — 186° 0 At the right - 
hand or blue end of the spectrum a strong prmcipal doublet appears, a 
thousand times over-exposed Next to these are the subsidiary lines, 
weaker but shaip, while on the left are still weaker bands The Ime near 
the oontro is the 7032 A of neon (After Deutschbem, PZ, 1932, 33 875 ) 

2 DF hoptet from the iron arc This multiplet arises as 3d® 4s(®D)5s’D“» 
(®I )) 4i) ’F° (Lent by Prof H Dingle ) 
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(iicatocl both by the eneigies and the intervals of the terms In 
tho spark 'F lies 11,000 cm below and in the arc '’P and 
ho about tho same diatance below the corresponding ®P and ®P 
tonuH Again, ‘F obeys the interval rule well, whole the derived 
®F and *F tennis do m>t deviate much (Fig 15 25) Buttheiomc 
tici in IS ciiidio iiu'gular and so are the derived terms of the arc 
H]KH‘ti uin, oven the ii t egularities are similar (Fig 15 26) 
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Fif? 15 25 liitorvalK of the d’ (‘F) s '• 'F toms of Fe i and the d’ *F term of 
Ftt n 
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FiK 15 2(1 Intel vuls of tho d’ (*F) s »• >L> toims of Fo i and the d' ‘P term of 
Kii u 


A very largo murihoi of odd terms have been identified and 
named m the spoetr-a of For and Cou, for the terms satisfy the 
Hiinplo laws, their rntoivals are regular, and almost without 
oxcoption they are in voitod But tho terms of Rui are much less 
logular, HO that a thorough Zeeman analysis was necessary before 
tho tonus could be named, and oven now only a J value has been 
assigued to voiy inany, the interval law is only loughly satisfied 

N%m elt'otmm. ( lo j, Rhi , Niii, Pdu 

The giound term starts as d'^ 8®*F in the aio spectrum of 
cobalt, changes to (1« s^^F m tho arc spectrum of rhodium and 
finishes as d®“I) in the spark spectra of nickel and paUadrum, 
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moreover, whereas the ground term is only 8000 cm below 
the next lowest term in Nin it is 25,000 cm m Pdn These 
changes are in the usual order 

The energies of the low and middle terms are always related, 
but no group of electrons shows these relations more clearly than 
the group of run e here considered In Coi the ground term is of 
the Sd"^ 4s^ configuration and the lowest odd terms are denved 
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Fig 15 28 Terms predicted from nme electrons. 


from 3d’ 4s 4p , on the other hand, when the ground term is from 
d* s as it IS m Rh i or from d® as m Ni n and Pd n, practically 

the known odd terms are from d« p Again, mNin the energies of 

the even and odd terms run strikmgly parallel, of the 3d 4s con- 
figuration 2D and Ire exceptionally low, and this is “itched 
among the odd terms by the anomalous positions of ^(PDP) and 
2P from 3d8 p Presumably these two irregularities have a 
common cause m the d^^D and d^^S terms of Nim, but un- 
fortunately the latter spectrum has not yet been anals^sed 
In Nin aU but one of the low even terms are mverted, but o 
the odd d® p configuration eight terms are erect or only partiauy 
inverted In Pdn the intervals are rather irregular 
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Ten dectrons Nil, Pdi, Pti, Cun, Agn, Aun, Cdm, Hgm, 
Iniv, Tliv 

The ground term of all the spark and higher spark spectra is 
d^^^S, but the arc spectra exhibit two urregulanties Thus the 
ground term of mckel is 3d® 48^ although the ground term of 
Ni n is 3d® and the ground term of an arc spectrum is usually 
obtained by addmg an electron to the ground term of the spark, 
the only other exception to this rule seems to be Y n Again, if 
the ground terms of mokel and platmum are respectively d® s®*P 
and d® s the ground term of palladium might be expected to 
be one or the other of these, whereas m fact it is d^® 
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Fig 16 29 Ten electrons Energies of the low terms 


Low terms 
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Fig 16 30 Terms predicted from ten electrons 
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The changes in the arc spectra m passing from row to row are 
also instructive, in Nil the term separations are wide and the 
multiplets overlap, but, though complex, the spectrum is ad- 
mirably regular, all the even terms and nearly all the odd terms 
axe inverted, and the intervals conform to Lande’s rule, so simple 
was the analysis indeed that the Zeeman effect has not been 
studied In the Pdi spectrum the wide mterval, 3512 cm of 
the giound term of Pdn begins to exert an effect, as some 
triplet series tend to the lower and some to the higher limit, the 
interval ratios change rapidly with the serial number And the 
teims of Pti are even less regular than those of Pdi, m analysis 
the interval rule is useless, and the mtensity rules can be treated 
only as approximations, the measurements of g, too, depart from 
Land6’s values, but they sufS.ce with the J selection rule to 
determine the J value of all the empirical terms The deter- 
mination of the orbital and spm vectors is, however, far more 
difficult, for the failure of the simple rules is a sure sign that the 
couphng IS no longer Russell-Saunders However, all the low 
terms predicted from d® s^ d® s and d^® seem to have been 
identified, save only d® s^ ^S, which has not yet been found m any 
spectrum Names have also been assigned to some of the odd 
toims arismg fiom the d® sp and d® p configurations 

Jn Cuu and Agu the terms are generally mverted, but the 
mterval rule is veiy badly satisfied, m Ag n irregular g values are 
also indicated 

In the analysis of Pdi there is a surplus level, known as 
which IS of inteiest chiefly as bemg the only level which fails to 
fit into the Hund scheme The level is determined by five exact 
combinations, but the hues due to h-^ are aU hsted as diffuse and 
differ in this from all other hues of the palladium spectrum, the 
level can hardly be a hyperfine component, for no other levels 
show a similai structure, and the mterval separating it from the 
nearest normal level is over 3 cm 

Eleven electrons Cui, Agi, Aui, Znii, Cdii, Hgn 

As the d level can hold only ten electrons, the elements copper, 
silver and gold, which have eleven electrons outside the last mert 

5-2 
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gas shell, should exhibit the simple alkali spectra proTided only 
that d^® IS firmly bound In fact all three elements do exhibit 
doublet senes and they all have a groimd term But besides 
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Fig 16 31 Eleven electrons Energies of the low terms 


tins Simple system, which was discovered in very early days, the 
last decade has revealed m copper and gold other quartet and 
doublet terms, in silver these terms have not been found, though 
all the hues of Agi have been classified * 
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Fig 16 32 Terms predicted m copper 


The lowest term of Cun is d^®^S, and from it arise by the 
addition of s, p and d electrons the alkah-hke system , from the ®D 
and higher terms of Gu n arise all the other known terms , those 

predicted are shown m Fig 16 32, while those actually found are 
* Blair, P22, 1930, 86 1631 
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arranged to their proper lomc hnuts in Fig 15 33 In both the 
(^D) ns and the (’•D) ns series two terms are known, and the 



Fig 1 5 33 Lovol (liHguim ol copper The even terms are shown by circles, the 
0(1(1 terms by tnanglcs 


Rydberg formula then detormmes the height of the senes 

iiiTuts above the 'K limit as 22,200 cm ^ 

In gold the deep term has been found and also some higher 
touns, but as tho oouphng is roughly of the (]]) type only the five 
lowest teims can be named 
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The contrast between copper and gold on the one hand and 
silver on the other appears not only m their spectra but also in 
their chemical properties Both copper and gold can be mono- 
valent, but copper is commonly divalent and gold may be 
tnvalent, showmg that the lower electron group is not as firmly 
estabhshed as in the alkah metals, silver on the other hand is 
always monovalent 

4. The three rows compared 

The structure of a spectrum is primarily a function of the 
number of electrons , but it is also affected by the relative positions 
of the low terms, for they will determine which multiplets appear 
bright and which famt Usually the ground term changes from 
frame to frame, and when this happens m a spark spectrum, even 
the prominent multiphcities of the arc spectrum change In the 
Fe I spectrum triplets, qmntets and septets are known, but in the 
homologous Rui only triplets and qumtets, Coi has doublets, 
quartets and sextets, but Rhi only doublets and quartets, Nil 
has singlets, triplets and qumtets, but Pdi only singlets and 
triplets And the reasons for these differences are not far to seek, 
the ground term of Fe n is d® s ®D, but of Run d"^ ^F , and if the 
ground terms of Nin and Pdn are identical, as presumably are 
also the ground terms of Co n and Rh n, though Rhn has not yet 
been analysed, the d® s^F term hes so much lower in Nin than 
m Pdn that terms derived from it appear in one arc spectrum and 
not m the other 

Smce the energies of the three low configurations are of such 
importance, they are worth detailed consideration Relative 
energies alone are known, and we therefore elect to consider the 
energies of the s^ < 3.^—2 and d^ configurations relative to s d^ 
smce the last has been identified m more spectra than either of 
the other two Many figures are still missmg from the tables, but 
a fair sequence of s^ d ^-2 available m the arc spectra of the 
iron and palladium rows, while rather less complete sequences for 
d”* are found m the spark spectra of the same rows, accordmgly 
(g 2 (in- 2 _g (g are plotted agamst n for the 

arc (Fig 15 34 ) and spark (Fig 15 35) spectra respectively That 




Fig 15 34 Tho ou(‘tgv ot tho and b configurations m the 

ar<‘ ttpc(‘tia of tli<» n on an< I p*iUiuliuni f rainoH n is tho number of electrons out- 
Hwlo tho iiKut gttiH Hht^l Duo to a hIij) in dtaftmg tho energy scales of this and 
th(^ two Huc'(‘oo(liug tiguioK road down instead of up 



Fm IR :m Tho omirKy (hlloroiioo of tho h (l»-i and d" configurations m the 
spark npootra of tho non and palladium fiamos 
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the curves for the iron and palladium rows would resemble one 
another might have been anticipated, but the resemblance 
between the (s^ d“~®— s d^“^) and (s d™“^ — d’^) differeuces is 
altogether surprising, true the first curve is displaced a step to the 
right relative to the second, but closer exammation reveals that 



Pig 16 36 Tte energy difterence of the and d” configuiations mis here 

n — 1 m the arc and n m the spark spectra, n is still the number of electrons 
outside the mert gas shell 

the(s® d”"®— s d’^"^) curve for the iron row arc actually resembles 

the (s — d"') curve of the iron row spark more closely than it 
resembles the (s® d”~*— s d”“^) curve of the palladium row arc 
The fourfold magmfioation which occurs m aH simple spectra does 
not affect these low terms at all, though it does still affect the 
ionisation potentials 
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'Fo luako tlioao facts stand out, vrite m = {n—l) m the 
(«■■“ (1“ •* — B d" *’■) (lifEoience and m =% m (s d”'“^ — d“), and then, 
plot both the difteionces (s® d"'-^-s d”‘) and (s d™-i— d”*) 
agauiHt m (Kig 15 3()) That the foui curves are soverysiinilar can 
only inoaTi that they all moiisiue essentially the difference between 
the conhgiuatiouB d"* and d"*, the number of s electrons bemg of 
httlo moment 

'I'ho regulaiity thus levealed enables us to fill up certam gaps 
in our knowledge, thus in the palladium row, there now seems 
little iloubt that the ground terms of Mai, Man and Rhn — ^the 



Fin 15 37 An h|k«(iiv (if tli« mm Iramo Tho onorgios of the s“ and 
« d" ‘ < iiiiliguiatiimK iiu'iiHUK'd fimn thou moivn value 


only spectra whowe giound teiins are not known must be 
,jr> ,.,ji d® h’M and <l” 'h’ rcspoitivoly , while if in the platmum 
row the ground term of W i is ®l) as h.is usuaUy been supposed, 
tluni It must ai ise li om the d* s“ configuration and probably the 
giound conliguiation of every <irc siicctrum from Lui to Osi is 
of (he d" “ s^ type 'ffie Hupposod ground term of indium 
must lie ai'cofited vvitli c\trcmo lescivc, lor it would necessitate 
a cotiHgiiraiioii in the nouniil atom 

Tlie Hinulant.Y of tlie foui (<1'" ' - d"‘) curves fuither excites a 
ilesire to cvplain at Ir'ast tfieu mote staking loatuxes, and in ac 
llund lias already done this, for if tho oncigics of the s and 
s d« ' configurations .ue inoasuTcd lioin then mean vaue 
(Kig in 37), the sh.up ‘>< (‘l"‘ ^ 
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the precipitate drop at m = 6 are revealed as both due to the lov^ 
energy of the d® configuration compared with either d^ or d® 
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CHAPTER XVI 


THE HARE EARTHS 

1 In the periodic system* 

Bohx’s theory explains the intrusion of fourteen rare earths into 
the sixth period as due to the filling of a shell of 4f electrons Now 
Bohr’s theory also explains the increase m metalhc properties 
which occurs in descending a column of the table as due to the 
valency electrons occupying orbits of successively higher quan- 
tum numbers, while the decrease m metalhc properties which 
occurs in passing across the table from left to right he ascribed to 
the firmer biridiug of the electrons as the nuclear charge mcreases 
If these predictions are general, they should be vahd m the rare 
earth elements Yttrium should be more metalhc than scandium, 
and lanthamiTn than yttrium, but m passmg through the rare 
earths from lanthanum to lutecium the elements should grow 
steadily less metalhc 

The firmness with which the valency electron is bound is best 
measured by the ionisation potential, but for most of the rare 
earths the potential has only been estimated from the oon- 
ductmties of the oxides m a flame,i and many have felt that the 
values are not so sure as those obtained by more direct methods 
In the last two years this view has been confirmed by the analysis 
of the spectra of lanthanum and cerium, the lomsation potentials 
thus obtained are 5 59 and 6 54, which compare with the fiame 
values of 5 49 and 6 91 volts 

For confirmation turn first to the molecular volume of homo- 
logous compounds, and then to two chemical reactions The more 
firmly the valency electrons are bound, the smaller should be the 
volume of the compound, and m fact this prediction is fulfilled 
in the sesqm-oxides and sulphates The sesqui-oxides of the rare 
earths exist in three crystalhne forms, which Goldschmidt named 
A, B and G A is stable at high temperatures, C at low, but the 

* Von Hevesy, Die seltenen Erden, 1926, 21 f 

t BoUa and Picoardi, PM, 1929, 7 286, and Eig 10 13 of Volume I 
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transition temperature changes from element to element, rising 
from lanthanum to lutecium, so that at room temperature the 
form A is stable m lanthanum and the form C m lutecium The 
hexagonal crystal -4 has been measured m four elements between 
lanthanum and neodymium, the pseudo-trigonal crystal B in four 
between neodymium and gadolinium, and the regular crystal C 
m scandium, yttrium and in all the elements which succeed 
samarium (Fig 16 1) These measurements show that in the sixth 
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Tig 16 1 IVLoleculax Yolumes of some rare earth compoimds 


period the molecular wolume of all three crystal forms decreases 
as theatomic number mcreases, while m traTellingfrom scandium 
through y tt rium to lanthanum there is a considerable expansion 
These two Tanations are m the directions predicted by Bohr, 
together they brmg yttrium out with very nearly the same 
atomic volume as holmium, an mterestmg coincidence, as a com- 
parison of chemical properties would assign yttrium the same 
place m the rare earth sequence, the four elements which succeed 
holmium are thus actually less metalhc than yttrium, though still 
much more metalhc than scandium 

When the rare earth sulphates crystaUise as the octahydrates, 
all except cerium are isomorphous Then densities, which have 
been measured by Auer von Welshach, show that once again the 
molecular volume decreases m passmg from praseodymium to 
lutecium, and once agam yttnum appears next to holm mm 
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'rh(*Ti* nri' ijlMi i-lu'imral metluKlB by wluch the decreasing 
ba‘'»il.\ in.i\ be d(‘tni»nhl rated It oiio measures the iodine 
hitemted m the leaetetn 

l'',,(SO,l, < ">Kl ) KIO, I -- 2K(()H), + 3K.2SO4+3I2, 

tiwreasi iii the* mtluie is <i sign ol deet easing basicity The order 
III whieh this leai tinii plai es the eleme-nts is identical with that 
iditaini‘dti<»in thi'innleeulai volumes, while the difEeience between 
samarium and emoi»mm is abnoim.dly small heio as there 

Another inidhod is to warm a solution of the sulphate with an 
e\uitl\ ei{m\alent weight of soilium eaihouato, and to measure 
the rate at w hu h earlioiue acid is hbeiatod 'Pho oidoi obtainedis 
again the same us t hat of the moleeiilar volumes £^r, Nd, Sm, Eu, 

Cd. Th. 1 )>. Y,Tu. Yb 


2 . Valency 

If the peiiodie s\stem was based solely on chomioal grounds, 
there wouhl be no < hoiei* but to eiowd <dl th© fifteen elements 
la-tween lanthanum and luteuum into column 111, elsewhere in 
the jienodie svsti-m the vnlen<-y <-hanges by one when the atomic 
immbei changes by one, but all fifteen laie oaiths aie trivalent 



Kii< 1(12 Ilf till’ mo' eiullis, all iMo l.ovaloat, uu<l the size of the 

timnt -liaw t (he ii-Unv.- staluhla of l.l«' ion, Me*' , tUo appoaiiwico of q'W'hi- 
vuli-nt . Mini...uii.t. 1 - iiUowii bv a luio 1 unni.ig up, mul ot .hvalout 
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and HO similar in othoi ways that ehomists have boon able to 
separate tlu-m fioin one another only by such laborious methods 
as fraefioniil eiystalbsation <d then salts .ind fractional decom- 
position (d their mtiaU's vSi\ ol the lare oaiths howevoi orm 
eompounds, m whuh they evhibit a second valency Cerium, 
praseodymium and torlmim eaii <dl he (juadiivalont , samarium, 
europium and ytterfiiuni divalent (l''ig lb 2) 
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B'^ivo of these deviations can be hnked up with the theories of 
atomic structure developed in earher chapters The more electrons 
a shell contains the less willing is it to part with one of them, 
sodium IS more reactive than magnesium, and alumimum than 
sihcon, if then the 4f shell obeys the same laws, it should be easier 
to remove an electron from cerium m which only one is present 
than fiom succeeding elements m which there are several And m 
tact the first two elements aie quadrivalent, while cerium becomes 
quadrivalent much more readily than praseodymium, for com- 
pounds of the latter readily oxidise cerous compounds to ceric, 
further, only one quadrivalent compound of praseodymium has 
been isolated pure, whereas a whole series of ceric compounds 
are known 

The divalency of europium and the quadrivalency of terbium 
are due to quite another cause Both the p and d shells show that 
they are more stable when they are just half full than when they 
contain one electron more or less, nitrogen with three p electrons 
has a higher lomsation potential than either carbon or oxygen, 
while the examination of the low terms of the frame elements, 
carried out m the last chapter, shows that the d® configuration is 
more stable than d^ or d®, the difference is not so great as between 
d® and d^°, but the evidence is too clear to admit of doubt Now 
the f shell is half full in the Gd®+ ion, which contains seven elec- 
trons, and one might reasonably expect the elements on either 
side of gadohmum to try to assume this configuration, europium 
which precedes gadohmum by keeping an extra electron and 
being divalent instead of tnvalent, and terbium which succeeds 
gadohmum by partmg with an extra electron and becoming 
quadrivalent 

The divalency of ytterbium exhibits the tendency to form the 
closed shell of fourteen f electrons, but the divalency of samarium 
remains unexplamed, for there is no reason to think the f® con- 
figuration much more stable than the f®, m the d shell d^ is more 
stable , but not much more stable, than d® But we must not make 
too much of this failure, for SmClg is definitely less stable than 
EuCla 
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3. Arc and spark spectra 

The paramagnetic snsceptibihties of the rare earths have 
already been cited as strong evidence that m the tnvalent ions, 
which occnr in crystals and m solution, aU electrons outside the 
xenon core occupy f orbits But to obtain evidence of the struc- 
ture of the elements themselves, appeal must be had to the arc 
and spark spectra These exhibit an exceptional number of hues , 
in the spectrum of dysprosium, for example, over 3000 have been 
measured This naturally makes the identification of small 
amounts of the rare earths very difficult, for if one finds the weak 
yttrium hne 3468 0 A , one cannot distmgmsh it firom four other 
hues, 3467 4A ofGd,3467 8A ofCd.34682A ofTbor3468 4A 
of Th, iiTilcaa one can measure the wave-length to a few tenths of 
an angstrom To surmount this difficulty spectroscopists have 
been driven to use the ‘ residual hues ’, that is, the hues which are 
the last to fade when the proportion of the element m the mixture 

IS steadily reduced For example, ifthe hne measured as 3468 OA. 

IS really an yttrium hne, then the strongest yttrium hne 3710 3 A. 
must ipear much stronger than 3468 OA on the s^e plate; 
moreover, as 3710 3 A is a residual hne, it must be the last to 

vamsh as the material exammed IS diluted 

As long ago as 1922 Bohr* stated that the atom 
electron first appears is cerium, and that the f shell ^ ^ 
ytterbium, this statement he based on chemical proposes md 
irrmathematical comparison of the stabihties of ^temative 

orbits Smce then many spectraofelementslyingj^ustbef^^d 

lUst after the rare earths have been analysed, while mto the 
i^mta'h frame the low terms of Cex, Smi, Eux and Gdx are 

""Tht^^-fifbh electron occupies the 6s sheU m Csi and Ban, 
and sinks mto a 6d orbit m Lam, on Bohr’s authority it was 

co’mmonly expected to smk mtoa 4 f orbit mCeiv. but when the 

* Bohr, Theory oj Spedira and Atomw 2P, 1933, 85 482; 

t Bec^t analyses of rare spectra are ^ P5. 1934. 

Oe in, Kaka. Sm I and Gd I, Albertson, 

45 499a, Bui, Bussell and King, PB, 193*. 

PB, 1935, 47 370 
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Ce IV spectruirL was analysed the ground term was found to he 
* Thereafter it seemed rather improbable that any of the 
three electrons required to produce neutral cerium would enter a 
4f orbit, but apparently Bohr was correct after all, for the ground 
term of Cei is and this arises m the 4f 5d Os^ configuration 


No of 
electrons 

Atom 

Ground 

term 

Configuration 

1 

Cs I 


s 


Ban 


s 


Lam 


d 


Ceiv 

2F 

f 

2 

Bar 


S2 


Lan 

3F 

d2 


Cem 

®F 

d2 

3 

Lai 

2D 

d s2 

4 

Gei 

3H 

f d s2 

8 

Smi 


f« s2 

Eun 

1 ‘Si 

f ’ (“S) 8 

9 

Eui ' 

“Ssi 

V s2 

10 

Gdi 


f’ d s2 

15 

Tui 

Ybn 

Lum 

2S 

s 

16 

Ybi 

Lun 

IS 

b2 

17 

Lu I 

2D 

fl4 d S» 

Hfn 

. 

d s® 


Fig 16 3 Ground terms of the arc and spark spectra with the configurations m 
wkioh they arise 

At the other end of the rare earth frame the ground terms of 
Lum and Lun are and respectively, showmg that the 4f 
shell IS complete when the nuclear charge is 71, for these terms 
must arise from the configurations f^^ s and f^^ s^, but as the f 
shell IS bound to grow more stable, when the nuclear charge m- 
creases, hte the d shell of preceding periods, these results do not 
prove that the f shell is complete m ytterbium Thus the spectra 
which have been analysed smce 1922 are not mconsistent with 
Bohr’s hypothesis, but they have not yet bamshed doubt 

* Gibbs and White, PR, 1929, 33 167 Lang has smce found a lower 
term PR, 1936, 49 552a 
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4 Absorption spectra 

As there axe no specific chemical tests for any of the rare earths 
except cenmn, the chemist relies on optical tests instead Of 
these at least six are available, the arc and spark spectra, the 
absorption and phosphorescent spectra of a crystal or solution, 
and X-ray hues and absorption edges Any of these can be used 
to identify an element, but of them aJl the absorption spectrum 
IS often the simplest, for many of the tnvalent ions are bn^tly 



coloured Praseodymium is green, neodymium red-violet, sama- 
rium yeUow and element 61 probably yeUowish green, dy^- 
sium and holmium are both yeUovr, erbium is rose and thuhim 
green, of the rest, four, cenum, gadolmium, ytterbium and lute- 
cium, are qmte colourless, while europium and tobi^ 
little trace (Fig 16 4) Thus the elements near the en^ of ^e 
block, and those round gadolmium, show httle or no oolo^. * 
can be explained as depending on the depth of the 
Thus the «S ground term of the gadolmium ion, calculated by 


CAbll 
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Hund and confirmed by the paramagnetic susceptibility, should 
be peculiarly stable, since it arises in an f’ configuration, and in 
fact the absorption bands of gadohmura he in the ultra-violet 
When the absorption speotrmn is more carefully examined, it is 
found to consist of surprisingly narrow bands, many indeed are 
only 1 or 2 A wide, whereas the absorption bands of the coloured 
ions of earlier periods often cover 100 A or more, indeed the rare 
earth bands are better desonbed as ‘Imes more or less diffuse’ 
than as bands Thus if one dilutes the solution of a rare earth salt 
until all trace of colour disappears, the stronger absorption hues 
still appear m the spectroscope, though if a solution of potassium 
permanganate is similarly diluted, the lines disappear with the 
colour, and this difference is to be attributed to the sharpness of 
the rare earth bands. 

Do these bands anse in the molecule like the bands of a gas in 
a discharge tube, or are they atoimc lines broadened by the 
varying fields of a crystal’ In the band spectra of compounds, 
and especially of complex ions such as uranyl, homologous groups 
of hues recur at regular mtervals, bemg due to atoms oscillating 
within the ion, but in the crystals of the rare earths no group of 
lines recurs Agam, the rare earth absorption lines spht m a 
magnetic field, though the band spectra of uranyl compounds 
do not * Moreover, at temperatures as low as 1 7“ A. some are 
still bright, though a molecule could not vibrate at so low a tem- 
perature and could not therefore absorb radiation True, the 
mtensities of the hues change as the temperature falls, for while 
some remam bright, others fade, but the bnes which fade are 
easily explamed as ansmg from levels above the ground state, 
levels m which the Boltzmann distnbution allows very few atoms 
at low temperatures t 

The positions of the bands are largely independent of the anion 
are the same m the sohd as m solution This alone is strong 
evidence that the hnes are atomic in ongm, and anse m a shell 

♦ Beoquerel, le Baimm, 1907, 4 328, K Akad Amsterdam, Proe 1929, 82 
749 

t Beoqueiel, LwrepMtase de Kamerlmgh Onnes, 1922, 288, Ebrenfost, iM 
362. 
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IVeedaHdSpeddmg* * * § workedfirst With the chloride, GdClg GHgO, 
which crystallises m coloiirless plates The spectra were taken 
along the prmcipal axis, that is, perpendicular to the faces, 
but tests made perpendicular to the prmcipal axis showed 
that withm the hunts of measurement the spectrum is indepen- 
dent of the direction m which the hght passes Moreover, in 
solutions of varymg concentration, photographs show that the 
positions and general spacing of the multiplets are similar to 
that found m the crystal, except that the hnes are rather more 
blurred and the multiplets are shifted slightly towards higher 
frequencies 

When the absorption spectrum of the chlonde is compared with 
that of other gadobmum salts, the negative ion is seen to produce 
httle change m the positions of the multiplets, though it changes 
the number of hnes and their positions withm the multiplet 
Accordingly, the multiplets must arise from electromc transitions 
of the Gd®+ ion, but the sphtting of these levels must depend on 
the forces exerted by the surroundmg atoms These forces seem 
to depend more on the crystal symmetry than on the negative 
radical, thespectraofmonochmcGrd2(S04)3 SHgO, GdCls CHgOt 
and GdBrg GHgOJ are almost identical, but difierent from hexa- 
gonal Gd(C2H5S04)8 9 HaO and Gd(Br08)3 9H2O, while work on 
the tnchmc acetate § suggests stdl a third type, but only one band 
of the acetate has been examined, so it is perhaps unwise to 
generalise 

As the temperatures reduced httle change appears m the 
spectrum, true the multiplet mtervals mcrease shghtly, and the 
whole spectrum shifts shghtly towards the red, but this move- 
ment averages only some 4 cm m a change from the laboratory 
to hquid hydrogen These two changes are primarily due to the 
contraction of the crystal, which brmgs the ions closer together, 
and therefore makes the electnc field more mtense 

* Freed and Speddmg, Pi2, 1929, 34 946 GdC!* 6HjO, Gda(S 04)8 SKfi 

t Spedding and Kuttmg, PJS, 1931, 38 2294a 

t Speddmg and Hiattmg, Am Chem 80 c J 1930, 52 3747 GdBrg 6HaO 

§ SpeddiogandNuttmg,-4m Chem 80 c J 1933,55503 Qd(C 2 H 5 S 04)5 9HaO 
and GdCBrO,)^ 
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6 Samarium 

At room temperature the absorption spectrum of samarium 
consists of diffuse Imes and bands, lymg chiefly between 3000 and 
6000 A As the temperature is reduced the hnes sharpen, until 
when the crystal is m hqmd hydrogen the hnes are very fine, the 
hnes also change m mtensity, and this change is much more 
strikmg m samarium than m gadolmium, at low temperatures 
some hnes disappear, while new hnes make their appearance*, 
and this is to be expected, smce Hund’s theory makes the ground 
term f®®H, and at low temperature hnes arismg in the higher 
components of this term must be very weak 

The Boltzmann distribution law mdeed makes it certam that 
any absorption hnes which appear below room temperature must 
arise m a level lying less than 600 cm above the ground level 
The visible spectra of crystals of chloride and bromate thus anse 
between a dozen levels lying below 500 cm and other levels 

lymg between 17,000 and 27,000 cm In order to follow the 
changes m intensity more closely, the absorption spectrum of the 
chlonde, SmClg 6H2O, was photographed at five temperatures 
between 293° and 20° A , first with a smgle crystal and then with 
powdered crystalsf, the latter method brmgs out the weak hnes, 
though it blurs the strong, as multiple mtemal reflection 
lengthens the path Companson of these photographs suggests 
the division of the hnes mto two groups, one consists of hnes 
which mcrease m mtensity as the temperature is lowered, many 
only appearing when the temperature has already fallen to 
- 195° C , while m the other group the hnes decrease m mtensity 
as the temperature falls, many bemg absent at 20° A These two 
groups are convemently referred to as ‘low temperature hnes 
and ‘high temperature hnes ’ Many of the fainter low tempera- 
ture hnes appear on the violet side of a multiplet, while the high 
temperature hnes seem to congregate on the red side 

The mtensities of both groups of hnes depend m part on the 
populations of the lower levels, and this m turn is governed by 

* Freed and Speddmg, N, 1929, 123 526 

t Speddong and Bear, PE, 1932, 42 68. 76 SmCls eSjO, smgle crystal and 
powdered crystal 
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Boltzmann’s law, if three low levels exist, separated by intervals 
of 150 cm and all are of equal weight, the numbers of atoms in 
these levels at 20° and 78° A are those given in Fig 16 5 Thus m 


Level 

0 cin“^ 

150 cm 

300 cm 

Temp^^\^ 




20° A 

1 

8 3 10-« 

6 9 10-" 

78° A 

1 

2 4 10-2 

5 7 icr‘ 


Fig 16 6 Normal fraction of atoms existmg at any time m three low levels 

hqnid hydrogen the number of ions lymg in levels above the 
ground level is small, and there seems httle doubt that the low 
temperature hnes may be attributed to the ground level, while 
the high temperature hnes arise m a group of levels lymg between 
100 and 300 cm 

These predictions are very satisfactorily confirmed by a 
search for constant mtervals between hnes of the low and high 
temperature groups (Fig 16 6) In the crystals of SmCls OHgO 


Low temperature Ime 

High tem- 
perature hue 

Av cm 

AA 

V cm""^ 

vcm“^ 


5592 6 

17875 8 

17730 6 

145 2 

5582 5 

17908 0 

17763 1 

144 9 

4988 2 

20042 5 

19897 0 

145 5 

4899 6 

20404 5 

20269 0 

145 6 

4513 2 

22151 8 

22006 0 

145 8 

5592 6 

17875 8 

17716 3 

159 5 

5582 5 

17908 0 

17748 6 

169 4 

4988 2 

20042 5 

19882 7 

169 8 

4899 6 

20404 5 

20246 0 

158 5 

4866 0 

20544 8 

20386 0 

158 8 


Fig. 16 6 Doublet intervals of 145 and 159 cm found m the absorption 
spectra of SmCl3.6H20 at low temperatures. 


these differences reveal levels at 145, 160, 204, 217 and 300 cm 
above the ground level Some of these levels are probably com- 
plex, the 300 cm“^ level m particular consistmg perhaps of 
components at 295 and 315 cm for the spread varies with the 






PLATE VI 


1 Sin^e crystal absorption spectrum of SmClg 6 H 2 O at four different 
temperatures The photographs were taken at the temperatures shown on 
the left, these being the boihng pomts of the substances shown on the right 
All the hnes grow sharper as the temperature is reduced, but the mtensity 
may mcrease or decrease 

2 Conglomerate absorption spectrum of SmCBrOa)^ OHjO at four different 
temperatures A conglomerate or mass of small crystals has a longer 
optical path than a single crystal, so that it brings out the weak lines, but 
it blurs the stronger multiplets 

(Photographs lent by Prof F H Speddmg ) 
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height of the level from 2 to 30 cm and these involve errors 
rather greater than might be reasonably expected 

Turning agam to the photographs, the hnes which origmate m 
the 300 cm level are found entirely absent at — 195° C , while 
those arismg in the 204 and 217 cm levels fade rapidly as the 
temperature is further reduced 

Exammed by the same methods hexagonal crystals of the 
bromate, Sm(Br 03)3 OHgO, behave very much like the crystals 
of the chloride until the temperature falls to 7 8° A , the shift m 
position and widening of the multiplets may perhaps be shghtly 

Tern- Low tempera Satellite A Aw Satellite B Avb 

peraturo ture line 

78° A 17847 17809 38 17783 64 

18857 18817 40 18790 67 

19987 19949 38 19920 67 

20382 20342 40 20315 67 

28125 28087 38 28055 70 


Tom 

peraturc 

Low iempera- 
tuio line 

Ai 

Ava, 

An 

Aw I. 

Bi 

Avb. 

Bn 

Avsn 

20° A 

17847 4 (n) 
17867 2 (II) 
17949 (I) 

19986 6 (I 11) 
20185 9 (1) 
28125 2 (n) 

17912 
19949 7 
20J48 9 

i7 

35 9 
57 0 

17802 5 
18812 

19941 

28080 

449 

45 

45 

45 

17867 

19904 

82 

82 

17780 

19919 

67 

67 


Fig 16 7 Low temperature Imes and their high temperature satelktes m the 
absorption spectrum of Sm(Br 03)3 OHaO, this sho-ws how the energy levels 
split as the temperature is reduced from 78° to 20° A 


greater, but only slightly, between 78° and 20° A however most 
of the hnes spht into two components, of which the red one is 
almost certainly complex (I\g 16 7) Thus above 78° A the 
temperature variation of the hnes and a search for constant 
intervals reveals levels at 39 and 68 cm above the ground level, 
with perhaps other levels between 100 and 230 cm -i, but at a 
temperature of 20° A the levels revealed are at 0, 37, 45, 67 and 
82om-^(Fig 16 8) 

Moreover, the transitions observed at 20° A suggest that these 
levels form two mdependent sets, 0, 37, 82 combme with one 
group of high levels, and 0, 45, 67 with another (Fig 16 8) That 
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the ground term appears m both groups means nothmg, for m 
fact the method, by which the sphttmg of the low levels is cal- 
culated, automatically reduces any real interval to zero , if aU the 
low levels developed the same mterval, one would be free to 
ascribe this sphttmg entirely to the high levels * 

The existence of more than three low levels m the samarium 
salts makes it probable that in Sm3+ there is a second electromc 
level lying close to the term predicted by Hund, for m an 
electric field this term splits mto only three components, and this 
fits m well with the magnetic susceptibihty which does not agree 
with the value predicted, if is the only low term f 

BIBLIOaEAPHY 

The last three sections of this chapter should be read with chapter xxn 
Spencer, J F , The metals of the rare earths, 1919, is a very thorough study with 
full references , but it was written before Bohr had outlined the electronic 
structure of the elements Hevesy, Die selt&nen Erden, 1926, makes full use of 
Bohr’s theory 

* Speddmg and Bear, PB, 1933, 44 287 Sm(BrOs )3 9 H 2 O 
"I Speddmg, Am Ghem Soc J 1932, 54 2593 
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INTENSITY RELATIONS 

1 Experimental 

For rough estimates of intensity the spectroscopist has often 
rehed on his eye, hut the eye is suh]ective and far from accurate, 
so that in recent years much attention has been paid to methods 
of estimatmg the density of a photographic plate In general if 
the intensity of one component of a multiplet is expressed as a 
percentage of the brightest hne, then these methods ensure that 
the percentage is correct to the nearest mteger , but this statement 
IS subject to a few restrictions, of which the most important is 
that the hnes must not be too far apart, for no one knows quite 
how the sensitivity of a photographic plate vanes with wave- 
length 

This IS not the place to indulge in a description of experimental 
procedure, especially as it is fully described elsewhere,* but the 
wedge method may be briefly reviewed as lUustratmg the chief 
pomts of mterest As the density of a photographic image is not 
proportional to the length of exposure or the intensity of the 
mcident hght, but shows an imtial lag (Fig 17 1), one is not 
justified m comparmg two densities and then sa3nng that the 
intensities must have been in the same ratio Instead, one may 
only say that if the density at one point is equal to that at another, 
then the mtensities were also equal The word 'density’ is here a 
technical term, bemg defined as 

, f mtensity of incident hght ] 

® [mtensity of transmitted hght] 

This means that a scale ought to appear on each plate, and one 
way of obtaimng this is to photograph a wedge of duU grey glass , 
the density will then be proportional to the distance from the 
edge of the wedge, and this may be measured by a imcrometer 
fixed to the microscope Thus one may say that the density of a 


* Dobson, GrnfBlth and Hainson, PhotograpMc photometry, 1926 
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certain Ime is equal to that at a certain place on the wedge, and 
the latter may be measured on a scale which is a Imear scale of 
intensity 



Eig 17 1 Density-mtensity graph of a photographic plate 


2 The normal multiplet 

The Sommerfeld intensity rule has already been discussed, but 
in a form apphcable only to multiplets in which = ± 1 
Multiplets of the P ^ type, in which AL = 0 , give their strongest 
lines when At7 is zero, whde the two groups arismg from Ae7 = + 1 
are less intense than the chief hnes but equal to one another To 
include this type of transition the Sommerfeld rule may be 
restated * 

The chief hnes of any multiplet are due to those transitions m 
which A J= AL, a weaker group, techmcally known as sateUites 
of the first order, arise when A J = AL ± 1, while sateUites of the 

second order occur when A J = AL ± 2 

This rule is quahtative only, attemptmg to make it quantitative 
Sommerfeld m 1923 considered first those multiplets which arise 
by the combmation of a single level with a multiplet level, the 
three SP hnes in spectra of all multiphcities are of this type, and 
experiment i shows that the intensities due to the three transitions 

* SomxttsrfelcL a/n.d Hois6xxb6rg, 1922, 11 131 
t Dorgelo, ZP, 1924, 22 170 
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vary as {2J + 1) for tke three P terms, thus the mtensities of the 
triplet hues ^ s^re m the ratio of 6 3 1, while 

those of the octet hues ^Sgj-^-^Pjj gj of Mn are m the ratio of 
10 8 6 

Prom this result three important rules emerge First, the in- 
tensity ratio IS mdependent of the serial number n Secondly, the 
intensity is determmed as much by the level to which an electron 
IS gomg as the level which it is leaving, m calcium, for example, 
the mtensity ratios of 2®S-^2®P and 3®P->2®S are identical, 
though one triplet is of the sharp and the other of the prmcipal 
senes The third is a pomt of theory, the mtensities are in the 


Term 

Po 

Pi 

1*2 


D. 

4426 43 
25 

4436 67 

19 

4456 61 

1 

46 

D. 

— 

4434 95 
54 

4455 88 

18 

72 

Ds 


— 

4464 77 
lOQ 

100 


26 

73 

119 

Intensity 

sum 


Pig 17 2. Intensities m a diffuse triplet of calcium, the upper number is the 
vave-length, the lower the mtensity measured by Burger and Dorgelo 

ratios of the number of Zeeman components possessed by the 
level, and this fits m well with the practice of takmg this number 
as the statistical weight of a level, a further sigmficance will 
appear when the mtensities of Zeeman multiplets are considered. 

The next step was to exanune the transitions between two 
multiplet levels Working m this direction Burger and Dorgelo* 
first verified the vahdity of the above rules for the PD doublet of 
sodium where the D levels are not resolved, and then turned to 
the PD multiplet of calcium, m it they found that the sum of the 
intensities of the hues ongmating from one P level was to the sum 
of the intensities from another P level as the statistical weights 
of the levels And the same held true for the three D levels 
Fig. 17 2 gives their measurements, the upper figure m each 

* Burger and Dorgelo, ZP, 1924, 23 268 
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square being the wave-length and the lower the intensity adjusted 
to a scale in which 100 represents the brightest line The sums of 
the mtensities of the hues originating from the various P levels 
are given at the bottom, 25 73 119, and it wiU be observed that 
they are roughly in the ratio of 1 3 5 Similarly, the mtensities, 
45, 72, 100, arising from the three D levels are roughly m the 
ratio 3 5 7 

The summation rule used alone enables us to calculate the 
intensities resultmg from the combmation of two doublet levels 
(Fig 17 3), but it will not suflSlce for more comphcated multiplets 


Fig 17 3 Theoretical intensity ratios of difiuse and fundamental doublets 

Thus, consider a PD triplet m which the intensities are those 
shown in Fig 17 4 Burger and Dorgelo’s summation rule shows 
that b-i + ^2 + Cg 

3 "" 5 

+ &! “h Cj & 2 ^2 ^ 

3 5 “ 7 

But this gives only four equations to determme five ratios To 
resolve the problem Russell,* among others, called m the corre- 


Fig. 17 4 Assumed mtensities Fig 17 5 Theoretical mtensities 
of a difEuse triplet of a diffuse triplet 

spondence principle His argument cannot be given here, but his 
result may be reviewed 

* RusseU, Nat Acad Sc% Proc 1926, 11 314, 322, Sommerfeld and Honl, 
Preuss Ahad Wiss Berlin, 1926, 9 141, Honl, AP, 1926, 79 274, Kromg, ZP, 
1926, 31 886, 33 261, Dirac, PE8, 1926, 111 281 
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As tiie intenaties of a maltiplet are determined liy the levels 
between which the electron jumps and not by the direction of the 
jump, it is not necessary to consider AL= ± 1 but only one of 
these, arbitrarily, then, we elect to consider only (X — 1) and 
i -> X. Tor each of these transitions there are three values of AX, 
so that SIX formulae may he expected, and these take their 
simplest form if X is defined as the larger of the two q[uantam 
numbers concerned. 

In the transition X-»- (X — 1) the correspondence prmoiple gives 


for J-^(X-l) J_=A P(X_l), 

for(7-l)W Q^j-i), 


In the transition X->- X the summation rule shows that the two 
groups of satelhtes arising fixim AX = + 1 must be identical, so 
that only two formulae are needed 


for J-^J 


j S(2X+1) 

j- — 


(2X + 1) 




4X(X+1) X(X-l-l) 

for X ->(X— 1) 
or (X— l)->-X 

In these eq[uations P (X), Q (X) and R (X) are convenient abbre- 
viations defined as 


I± 


_ g(2X + l) 1 
~4X(X-i-l) 


P{J)^(J -\-L){J -hJO + l) — S{8+1), 

Q{J)^S{S+l)-(J-L)iJ-L-hlh 

In theory these foimnlae should compare the intensities of 
any two Imes arising m a transition from one configiiration to 
another, but they are walid only when the coupling is Russell- 
Saunders and there are no inter-system lines As wery few 
spectra satisfy this condition the formulae are normally applied 
only to the intensitLes of components of a single multiplet, and 
for this purpose the first factor, which is a function of S and i 
only, may he dropped 
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Fig 17 6 Multiplet intensities The intensity of each component is giTen as a 
percentage of the strongest Ime of the multiplet The numbers outside the 
frames are L and J, the former in heavy type The tables may be apphed to 
(]j)couphng(p 160), related multiplets(p 104) and hyperfine structure (p 183) 
(After White and Bhason, PB, 1933, dA 763 ) 
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The equations for the jump L^{L—\) may be illustrated by 
the three hues 2 , 3 -^®P 2 term L is 2 and S is 1, so 

that m the jump 

fromJ = 3to J=2 -f_ = i(5 6-1 2)(4 6-2) = 168, 

from J=2tQ J—2 Iq=S0, 

from J=ltoJ=2 1^ = 2 

This leads to the mtensity scheme of Ihg 17 6 Incidentally, too, 
this result satisfies the early quahtatiTe rule of Sommerfeld, 
which stated simply that 

Pig 17 6 gives a hst of the mtensities calculated by these 
formulae, each hne bemg expressed as a percentage of the 


Terms 

•Pit 

‘Ph 

•Pst 

•D* 
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— 
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30731 
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(12) 

13 1 



30621 
(18 7) 

18 7 
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(36 6) 

34 4 
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(4 8) 
Lapped 


— 

3054 4 
(61 4) 

51 3 

3066 0 
(28 6) 

261 


— 

— 

3044 6 
(100) 

100 


Pig 17 7 Intensities of the w®P°^3d® (®D) 4s ®D multiplet of Mn i The 
Tipper figure is the waye-length, the nuddle the theoretical mtensity, and the 
lower the observed mtensity 

strongest line, this being a conTement practice because one per 
cent IS about the accuracy which can be attained with the photo- 
graphic technique developed in recent years This technique 
leaves no doubt that these formulae are vahd in very many 
spectra, as examples, Fig 17-7 shows a PD sextet from Mni, 
and Fig 17 8 a DF quartet from Tin 
The formulae are very seldom apphed to the comparison of 
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different multiplets, but Wi]k* has tried tbem out on the quartets 
and doublets of 0 n, a hght atom m which the mter-system lines 
are very weak This work roughly confirms the theoretical 
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Fig 17 8 Intensities of the 3d®4p ‘D ->■ 3d® *F multiplet of Ti n The theo- 
retical intensity is m brackets 

quartet-doublet intensity ratio of 2 1, thus the mtensities of the 
ip 4g and -> hues were found to be as 1 6 1 , and two other 
empmcal ratios were 2 6 and 2 1 

3 The super-multiplet 

In the mercury spectrum the division mto singlets and triplets 
has httle experimental justification, and many mter-system hnes 
are strong , moreover, the sum rule in its simple form is but poorly 
obeyed Accordingly, Omstem and Burgerf suggested that when 
the coup ling IS no longer Russell-Saunders, the sum rule ought to 
be extended For this there is a precedent m the laws of the 
Zeeman effect, which define certain sums for a smgle multiplet 
when the couphng is Russell-Saunders, but only for all terms of 
a configuration when the couphng is abnormal 

In order to make the experimental work as significant as 
possible, Omstem and Burger exammed first a configuration of 

* Wijk, ZP, 1928, 47 622 
f Omstem and Burger, ZP, 1926, 40 403 
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two electrons, which gives rise to a tnplet and a singlet term 
Moreover, they were careful that one of the two combining tnplet 
terms should be unresolved A super-multiplet satisfying these 
requirements is found in some DE combinations of calcunn and 
strontium, if the intensities of the smglet and triplet lines are 


Terms 

ID. 

’Di 



IF 

s 

— 

— 

— 

3F 

— 


h 

^3 


Fig 17 9 Assxuned intensities in a fundamental super-multiplet 

written s and and respectively, as in Fig 17 9, the sum 
rule apphed to the vertical columns states that 

^ ^2 ^3 

Thus theory suggests that the intensity of the singlet should be 
equal to the mean mtensity of the three triplet lines, whereas 
the mtensities actually observed* and quoted in Fig 17*10 
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Fig 17 19 Observed mtensities m three fundamental snper-multiplets 

show that it is rather weaker But the smglet is of considerably 
longer wave-length than the tnplet, and it has been sLown* 
that when the intervals are large the sum rule should be applied 
not to the intensity itself, but to the intensity divided by 
and, m fact, if the intensity 4 3 of the singlet Ime is multiplied 
by (4878/4582)^ the corrected intensity is 5 5, a figure which is as 
much larger than the mean mtensity of the triplet as tbe fiLrst 
figure was too small 

* Omstem, Coelrngli and Eymers, ZP, 1927, 44 653 
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With this satisfactory result Ornstein and Burger* were ready 
to tackle a group of lines in the mercury spectrum The hues 
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Fig 17 11 Assumed mtensities m a diffuse super-mtJtiplet. 


which should appear are shown m Fig 17 11, and the sum rule 
applied to this figure leads at once to the equations 

5 + + 2^2 _ ^4 ^3 ^6 ^3 “ I " ^2 ^6 _ ^4 

3 “ 5 ” 3 “1 

5 + ^4 + ^3 _ ___ + ^3 + ^2 __ ^ 2 ^6 ^5 ^4 

6 “7“ 5 ” 3 ^ 

The eleven hnes concerned in the relation differ so m wave- 
length that if all the mtensities were measured close agreement 
with experiment could not be expected unless the correction 
were applied, and at the time this work was done the correction 
had not been tested out But the mtervals of the D terms are 
small, and as these equations require that 

a check may be apphed with measurements on only those four 
lines which arise from the combmation of with the D terms 
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100 
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Fig 17 12 Observed mtensities m a diffuse super-multiplet of Hg i 

The empirical results are shown in Fig 17 12 The hne ig is so 
weak that if measured alone its mtensity would certainly be less 

* Ornstem and Burger, ZP, 1926, 40 403 
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than 1 per cent of t -^ , but it hes so close to ^4 that the two may he 
conveniently measured together after widening the sht of the 
spectroscope The figures show that when the inter-system hne 
IS included the sum rule is satisfied, whereas if it is omitted 
(^ 3 -h^e) IS only 12 per cent of instead of the 19 per cent predicted 

These experiments clearly show that m certam spectra the sum 
rule IS vahd only if the smglet and triplet hues are treated as 
parts of a smgle whole, if this is a general phenomenon, then the 
mtensity of successive hnes in smglet and triplet series should 
decrease according to the same law, so that the relative intensity 
may he mdependent of the serial number, and m fact Ornstem 
and Burger* have confirmed this prediction 

4- The iron-frame elements 

In the analysis of the iron frame elements at the Bureau of 
Standards, Russell and his co-workers have rehed more on m- 
tensities than on multiplet intervals or magnetic sphttmg factors 
Indeed, if the general mtensity laws were not obeyed these spectra 
would probably stiH await analysis The strongest Imes arise 
from transitions m which only a smgle electron orbit changes , and 
this IS m agreement with the correspondence prmciple, which 
mdicates that those terms between which strong combinations 
appear must be built up from the same state of the ion In con- 
trast, transitions mvolvmg a change m the ion are much less 
probable, and the hnes resultmg are either absent or famter even 
than the weak mter-system hnes Moreover, when only one 
electron jumps, the mtensities of related multiplets can be 
obtained from the formulae designed to give the mtensities of 
related hnes, Russellt suggested a law of this kmd, while Kromg 
used theory to show that if the couphng is Russell-Saunders the 
figures are identical and Rig 17 6 can be used For this purpose 
S IS replaced by ^L, L by I and J by L, where is the orbital 
moment of the ionic term, I the orbital moment of the jumping 
electron and L their resultant 

In the iron frame elements, though the relative mtensities of 

* Ornstem and Biirger, ZP, 1926, 40 403 

j Russell and Meggers, Bur of Standards, 8ci P 1927, 22 332 
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the multiplets are admirably regular, the relative mtensities 
withm the multiplets are often abnormal Russell’s* visual 
estimates showed that in Nii components of small J give famter 
hnes than they should, and later measurements amply confirm 
him Not only are individual mtensities irregular, but also the 
sums taken over all the terms of a multiplet with the same J 





Fig 17 13 shows this, for when the sum rule is vahd, the intensity 
sum divided by the statistical weight yields a constant, but m 
Ni I and Co i the quotient vanes from one J to another 

In a geneial way spectroscopists have long realised that the 
RusseU-Saunders couphng, which predommates on the left-hand 
side of the periodic table, gives way to less regular couphng as one 
passes to the nght, so that no one was surprised when titanium 

* Russell, PB, 1929, 34 826 
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was sho-WB to obey the intensity laws more closely than nickel 
Nickel and cohalt indeed form the ultimate members of a senes, 
which grows progressiYely less regular In Tin 62 per cent of the 
lines obeyed the formulae to withm 5 per cent , but in Tii, where 
Harrison* measured twenty-six strong multiplets, the proportion 
was down to 58 per cent , in chronnumf and manganesej still 
more violations were observed, while m cobalt and mckel hardly 
a single multiplet is regular § 

Vanons efforts have been made to trace the cause of the 
irregularity In Zri many mtensities are abnormal because two 
terms of the same configuration and the same J have also nearly 
the same energy, these terms share their intensities, ]ust as they 
share their magnetic sphtting factors In particular, the transition 
5s 5p^p3°->4d^ 5s is observed because d^ sp^Pg^hes near 
d^ sp^Dg®, their energies bemg 24,387 and 23,889 cm respec- 
tively II And as the multiplet separations become greater as one 
passes from left to right across the table, the multiplets overlap 
and perturb one another more But adequate as this explanation 
may be m its place, it is necessarily unable to show why Imes 
mvolving small values of J are weak compared with those in 
which J is larger — ^unless indeed many Imes of lower multiphcity 
and therefore m general smaller J remain umdentified Moreover, 
this explanation would suggest strong correlation with departures 
from the mterval and Zeeman rules, but mfact Frenchs,** having 
exammed selected multiplets from some elements of the iron 
frame, found that the correlation with the interval rule is poor, 
while Harrison m his detailed study of titamum found no corre- 
lation with either rule. Often those multiplets which spht 
irregularly m the magnetic field and have irregular intervals 
obey the mtensity laws well, while those which have regular 
values of g obey the intensity laws badly And an attempt to 

♦ Hamsoa, J08A, 1928, 17 389 
t Men and Hesthal, PR, 1935, 47 926 
t Sewaid, PR, 1931, 37 344 
§ Omstein and Buoma, PR, 1930 36 679 
'I Kiess, C. C and Kiess, H K , BSJ, 1931, 6 621 
t Hamsoa and Johnson, PR, 1931, 38 773 
I^nchs, AP, 1926, 81 842 
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attribute the abnormal weakness of certain hnes to the abstrac- 
tion of energy by inter-system hnes was no more successful 


5 Alkali doublets 

In general the intensity ratio in a series of multiplets is m- 
dependent of the serialnumber, but this is not true of the prmcipal 
doublets of the alkalis nor of the siimlar doublets of Tli 

The controversy* about the alkah doublets has hngered on for 
many years because of the great experimental difficulties, the 
most serious being self-absorption, which can be avoided only by 
woilang at low temperatures and low current densities, but the 
general features are now clear (Fig 17 14) The diffuse and funda- 
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Fig 17 14 [ntenBity i<xtios of somo piincipal doublets of the alkalis 

Ohb&rvets 

F VV Fu( htbauoi and Wolli, AP 1929, 3 369 Extrapolated to aUow for self 

H llubncirTp, 193 i, 17 781 Photographic compaiison of lines emitted by 

burnoi at 2800° 

K. H Kuhn and Hubnci, P7j, 1933, 34 278 Emission spectrum 

Ha \imoiii,N Cm 1924,1 115 Anomalous dispersion 

R()i Roschdostwonski, IP, 1912, 39 307 Anomalous dispersion 

Ro ^ Roschdostwonski, T Opt I , Pehograd, 1921, 13 1 Anomalous dispersion 


mentaldoubletBgivethenoimalratiosof 9 5 lands 2m caesium, t 
and piesumably in all other spectia, m the pnncipal senes, on the 
othoi hand, the noiraal latio of 2 1 is found only m sodium and 
potassium j , the deviation increases rapidly with atomic number 


* Joos, Hh d EJxpt Phys 1929, 22 313 
1 Filippov, ^P, 1927,42 495 
' Fuchibauor and Wolft, APt 1929, 3 359 
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and IS quite unmistakable in caesium In the latter su 

Rosch.dostwenski,')’ both, of whom used the accurate in^*fclxoci 
anomalous dispersion, found ratios of 3 85 and 7 40 in boco 
and third prmcipal doublets respectively, while SaixiT^'^3?sk 
states that after rising to a maximum value of 25 1 in “blio fiJ 
doublet, the mtensity ratio decreases to 5 1 m the eigl^blx. 
the first doublet the ratio deviates very httle from tlci& xiom 
value of 2 even m caesium 

This much was known when Fermi § apphed the qL'^ctri'ijx 
mechamcs to the problem, and showed that if certaixx ■fcox'i:] 
ordinarily neglected, are taken into account, deviations v€ 
similar to those observed should arise Thus theory shows hlxn/ij t 
deviation will mcrease rapidly wuth atomic number, but slxoi 
not affect the first doublet of the prmcipal series, while th-O int 
duction of numerical values leads to intensity ratios of 4-3 €t 
7 15 for the second and third doublets of caesium, for hlio fi 
doublets theory gives a ratio somewhat less than 2, loixt 1 
difference is too small to measure The agreement here ol>‘fc€tir] 
with experiment is probably as close as can be expected* 

In T1 1 , which like the alkalis has a smgle electron outsidLo oloe 
shells, similar deviations occur In the ^ 

experiment shows that the mtensity ratios when m = 4 , ^5 , G 
are 4 4, 6 6, 6 0 and 5 2 || 

6 The Zeeman multiplet 

As wuth the normal so with the Zeeman multiplet, c©irt>4 
simple rules have been estabhshed, but these suffice to debox'm] 
the mtensity ratios only m the simpler transition, in tlxo xxxi 
complex, rehance must be placed on formulae deduced, wiblx 1 
aid of the quantum mechamcs 

Three rules are usually cited, but of these the first ststbos oi 
the well-known fact that the Zeeman multiplet is symmo'bxri- 
about the undisplaced Ime The second adds that the irxtioris 

* Rasetti, N. C%m 1924, 1 116 

t Koschdostwenski, T Opt I , Petrograd, 1921, 13 1 

t Sambursky, ZP, 1928, 49 731 § Fermi, ZP, 1930, 59 G80. 

II Williams and Herliby, PR, 1932, 39 802 
Omstem and Burger, ZP, 1924, 28 135 
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sum of all hues ongmatmg in one Zeeman level is equal to the 
intensity sum of all hnes ongmatmg in any other Zeeman level, 
and this holds true if the word ‘ending’ is substituted for 
‘ ongmatmg ’ This law appears at first analogous to the Burger 
and Dorgelo sum rule, the statistical weight of each Zeeman level 
being umty, but further exammation shows that the relation is 
closer than analogy, for a term sphts to (2J + 1) Zeeman com- 
ponents, so that the normal multiplet rule is a necessary conse- 
quence of the Zeeman rule 
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Eig 17 16 Assumed intensities of tbe Zeeman components of a Ime 

The third rule concerns the polarisation, and states that if the 
vanous components emitted m any direction are combmed the 
resulting beam must be unpolarised Thus m the normal Zeeman 
triplet observed transverse to the magnetic field, the sum of the 
intensities of the two <t components must be equal to the mtensity 
of the TT component These rules appear simple enough, but the 
simphcity is m part only apparent, for the mtensities mentioned 
m the sum and polansation rules are not the same, the sum rule 
apphes to the total radiated mtensity, while the polarisation rule 
apphes to the mtensity observed m a particular direction Thus 
when a pattern is observed transverse to the field, those oscilla- 
tions which produce a components vibrate m a circle whose plane 
IS perpendicular to the magnetic axis, one component of this 
vibration is along the hne of sight and so mvisible, thus only half 
the radiated mtensity of a a component is observed On the other 
hand the oscillators which are producing tt components vibrate 
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along the magnetic axis, so that the whole of the radiated mten- 
sity reaches an eye looking transverse to the field 

As an example of the way in which these three rules are apphed 
consider the -> transition * Pig 17 15 gives on the left the 
possible values of the magnetic quantum number M, and on the 
right the total mtensity radiated m each transition, the tt and cr 
components bemg separated for convemence The consequences 
of the symmetry rule are embodied in the notation, the sum rule, 
apphed to the components of the ®P 2 term, states that 

6q + + ^3^2 + ^3^3 j 

while apphed to the term it shows that 

6q + 2^2 = + <^3 

In order to apply the polarisation rule, elect to observe the 
pattern transverse to the magnetic field, then the argument 
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17 16 Observed intensities of the Zeeman components of a Ime 

m various spectra 


given above shows that the total radiated mtensity of the tt 
components must be equal to half the total radiated intensity of 
the <j components, that is, 

6o "b 26 ^ = \ ^^3} 

= + g ^2 "J" ^3 

The three simple rules thus determme the four unknown ratios, 
being satisfied by the values 

%=!, a2 = 3, ^3 = 6, 

60 = 4 , bx = 3 

These predioiaons for the hne have been amply con- 

firmed by Van Greeljf as Pig 17 16 shows, moreover, similar 

* Omstem and Burger, ZP, 1924, 29 241 
t Van Geel, Biss TJtrecht, 1928, 60 
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predictions for the two other lines of the triplet axe equally 
satisfactory (Fig 17 17) 


Line 

Transition 

Intensity 

a 

77 

<r 

277 

2ct 

6122 


Theoretical 

15 16 

30 30 

15 15 

60 

60 



Observed 

17 16 

30 28 

15 15 

58 

63 

6102 


Theoretical 

10 

20 

10 

20 

20 



Observed 

9 

20 

10 

20 

19 


Fig 17 17 Intensities of the Zeeman components of two calcimn hnes 


Though these three rules suffice when the J values of the two 
terms concerned are small, m more complex transitions resort 
must be had to the correspondence prmciple* or to the quantum 
mechamcs f Calculations based on these principles show that 
for the transitions J->- ( J — 1), the mtensities are given by 
cr Jump M-^{M — 1) I_=^p{M)p(M—l), 

IT Jump M^M lQ=p(M)q{M), 

a Jump {M —1)^M I^=\q{M)q{M — \), 

while for the transitions J^J 

TT Jump M-^M lQ=r^(M), 

a Jump M-^{M — 1) I ± ~p{M) q(M—l) 

or {M— 1)-^M 

In these equations the transitions considered make J and M 
the larger of the two quantum numbers concerned, while p, q and 
r are abbreviations, defined by 

p {M) — J +M, 
q(M) = J-M, 
r {M) — M 

The intensities given by these formulae are the total radiated 
mtensities The formulae for the transition from (J - 1) to J are 
not quoted, because the mtensities axe mdependent of the direc- 
tion m which the electrons jump, so that one may consider always 

Intensities calculated from these formulae axe given m fig 
17 18, as the formulae do not contain Lot S the Zeeman mten- 
* ZP, 1926, 31 340, AP, 1926, 79 288, Kromg, ZP, 1925, 31 885 
■j Heisenterg ajid Jordan, ZP, 1926, 37 263 
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I 1 M' 0 , ,1 

1\ /I 

«?) A (P 


M‘’ 0 


2 2 M' 0 ^ 2 

l\ /l\/l 

(0) 3^ (n (4) 


3 3 ilif' 0. 


(9) (1) Av W A (9) 


4 4: M' 


(0) 10 (D 9^ (4) ^7 (?) 4'(16) 


M" 0 


5 5 Jf' 0 


(0) 15 (1)>4 (4) 12 (?) X(16) 5'(25) 


6 6 Jf' 0^ /|\ f\ * f\ 

(0) 21 (1) 20 (4) IS"^ (9) 15 (16) 11 (25) 6^36) 
Jf' ^2^ ^3^ ^4^ ^5^ ^6 


7 7 Jf' 0^ .1^ 2, 3 4 6> 6 7 

l\ /l\ /l\/l\ /l\ /l\ /l\/l 

(0) 28 (1) 27 (4) k (9) 22(16) 18 (25) 13 (36) 7; (49) 

i,- 

Fig 17 18 a Integral, AJ = 0 

Table of Zeeman mtenfiities The table is divided mto four sections according 
as J IS mtegral or half integral, and accordmg as A J is 0 or ±1 
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sities are a function of J only, so that the components of the hnes 
and have the same mtensity ratios, though 

they do not occupy the same positions Lake the simpler rules 
these formulae have been confirmed by the experiments of Van 
Geel, who has measured hnes in the octet system of Mni, and in 
the septet and (][umtet systems of Cri (Figs 17 19-17 21), hut 



iFig 17 19 Intensities of the Zeeman components of the 4754 A hne of Mn i, 
this hne arises as The pattern is (J) (3) (5) 9 11 13 15 17 19/7. 

On the left are the theoretical, and on the right the measured intensities, the 
brightest n and a components bemg adjusted to fit After Van Geel, Diss. 
Utrecht, 1928, 65 

work on the iron tow shows that the agreement is not always as 
good as that shown m the hnes chosen here as illustrations 
Having obtamed satisfactory mtensity formulae for normal 
multaplet hnes, two extensions suggest themselves; first, one may 
enquire whether the formulae are apphcable to mter-system hnes, 
and second, what mtensities are to be expected in the partial 
Paschen-Back effect To these questions also Van Geel has 
offered some answer * 

As an mter-system hne he chose 3663 3 A , of Hgi, 

* Van Geel, Diss Utrecht, 1928 and ZP, 1928, 47 615 
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80 80 



Fig 17 20 Intensities of the Zeeman components of the 6205 A Ime of Or i, 
this Ime arises as z the pattern is ((?) (1) B 4: 6/2 After Van Geel, 

Diss Utrecht, 1928, 68 


18 19 3 



Fiff 17 21 Intensities of the Zeeman components of the 5208 A Ime of CJr i, 
thM hue arises as z'P's-’-a'Sj, the pattern is (0) (1) (2) 3 4 6 6 7/3 After Van 
Geel, Diss Utrecht, 1928, 67 
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and obtained the intensity pattern shown in Fig. 17 22 This is 
certaanly rather irregular, but then so is the pattern of the 
neighbouring triplet line, 3662-9 A (Fig 17-23), and 



Theory Observed 

Pig. 17 22 Intensities of the Zeeman, components of the 3663 3 A line of Hg i; 
this line arises os 3 ^D 2->-2 and the pattern is (1) (2) 1 2 3 4/2 After Van 
Greel, Diss Utrecht, 1928, 77 



Fig 17 23. Intensities of the Zeeman components of the 3662 9 A line of Kg i , 
to line arises aa 3 the pattern is (^?) (2) 1 3 5/2 After Van Geel, 

Diss Utrecht, 1928, 77 

as this sd configuration produces two diads instead of a singlet 
and a triplet, the coupling must be abnormal 
For the intensities of the partial Pasehen-Back effect appeal 
must be had to the quantum mechamcs, which has been applied, 
by Darwin’*' and others to predict both the intensity and displace - 
* Darwm, C G , FBS, 1927, 115 1 
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Theory 


’Pn^D 


0 - 2 


Om 


42 42 



Om 


r 

2 


Experiment 


3829A 

2 


24 




FiS 17 24 Intensities of the Zeeman components of a diffuse tnplet of i, 
tho Imes arise as 3 »D->2 ®P„, j s This is an example of the partial Paschen 
Back effect After Van Geel, Diss Utrecht, 1928, 84 
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ment of the magnetic components of any normal mnltiplet in any 
field That this theory is Tahd few doubt, for it is of very general 
application and is known to give correct results in weak and 
strong fields Ihirther confirmation m intermediate fields is 
however still welcome, so that Van Greel’s measurements on a 
Mg I triplet, which exhibits the partial Paschen-Back effect, are 
worth quoting (Tig 17 24) They confirm the theory admirably * 

7 . Rates ulttmes 


A common method of analysmg an unknown salt is to add a 
little to a carbon arc,f if the powder happens to be a pure calciiina 
salt, a great many calcium hnes will appear, but as the proportion 



Are spectra 

Spark spectra 

Element 

"Wave- 

length 

Terms 

Element 

Wave- 

length 

Terms 

K 

Ca 

7665 


Ca 

3934 


4227 


So 

3614 

Sc 

4779 


Ti 

3349 


Ti 

XT 

3635 


V 

3093 


V 

Or 

3186 

4954 

^4 -^’Ss 

Or 

Mn 

2836 

2576 


Mn 

Fe 

Co 

Ni 

4031 

3720 

'pr-+»D* 

Fe 

Co 

2382 

2389 

'G, 

3452 

3415 


Ni 

Ou 

2416 

*G5t-v*r4* 







Tig 17 25 Some regies 'ultiTnes. 


of calcium in the powder is dimimshed step by step, the weaker 

^es successively disappear until finally only one is left, this is 

own as the raie vltime, and is in fact the 4227 A hne, arising 

^ This method of analysis was developed by de 

Gramont.J ir' ^ 

The faies uUines are not necessarily the strongest hnes in the 
spectrum as ordinarily produced, nor are they m general the lines 


of spectrum analysis, 1931. Eye 
t Ee Oiamont, Comptes Rendvs, 1920, 171 1106. 
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which require the least energy to excite them, the resonance lines. 
Instead they are determined by four conditions, of which two are 
energy conditions * The first states that the lower term is always 
the ground term, and the second that the higher term is of the 
same system As inter-system hnes are m general weaker than 
hnes arising withm a system, this condition is surprismg only as 
excluding hnes, such as the 2536 A hne of Hgi, which 

are exceptionally strong for other reasons Subject to these two 
conditions, and in part also to the fourth, the energy required to 
excite the hne must be as small as possible The fourth condition 
states that when the energies are nearly equal, the raie ulUme 
wiU usually arise from a transition m which AL is — 1 in prefer- 
ence to one in which it is -hi, but in alumimum and its homo- 
logues the term hes so much higher than the that the raie 
ultime IS the fourth condition notwithstandmg 
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CHAPTER XVni 

THE SUM RULES AND (]]) COUPLING 

1 Deviations from the Russell-Saimders couplmg' 

The low terms of the light elements are easily divided into mialti- 
plets, and the multiplets mto configurations In general the com- 
ponents of a mnltiplet differ m energy by an amount which xs 
small compared with the height which separates one mxdtiplet 
from another, and similarly the mterval separating two terms 
of a configuration is usually small compared with the height 
which separates one configuration from another Each level is 
characterised by a certain value of /, and each multiplet by 
values of L and S J and L are detenmned primarily by selection 
rules and S by the number of components in a multiplet, but m 
the allotment of quantum numbers the interval ratios, magnetic 
sphttmg factors and intensities all have to be considered More- 
over, J is the vector sum of L and S All these regularities are 
regarded as arising in the Russell-Saunders coupling of the 
electrons, and conversely any irregularity is attributed to some 
distortion of the coupling 

Deviations from these rules occur frequently in elements of 
h]gh atomic weight, and in the high terms of a spectrum , they are 
rather more common on the nght-hand side of the periodic table 
than on the left But the various rules are not equally sensitive, 
the mterval ratios are often abnormal when the g factors and 
mtenaties are normal, while the g factors are rather more easily 
disturbed than the intensities. This must not be taken to mean 
that terms m which the mterval ratio is normal and the mten- 
sitaes abnormal do not sometimes occur, but in the analysis of an 
irregular spectrum like Ni i intensities usually give the surest clue 
to the names of the terms There are spectra, however, such as 
argon, m which none of these clues are worth much, fox the terms 
are no longer divided into multiplets but only mto configurations, 
values of L and S cannot then be assigned EmaJly, there exist 
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iTx which different configurations he at the same 
^^i?-t‘urb one another 

^ a^fenormal a spectrum, the J values of each con- 
unchanged, and there is strong evidence that i£ 
Jtx-fcs, g factors and intensities are summed for terms 
n.o values of J, then the result is the same in all 
^^stion remams over how many terms the sum is 
tlcL in this the energy seems to be crucial, in simple 
iolx each multiplet is well separated from other 
3 X'lale IS vahd for each multiplet separately, when 
SLne intermmgled, but the configurations distmct, 
naxxst be taken over all terms of the configuration, 
cl ixi which the sum rules are usually met But when 
bions overlap, then the sum must extend over both 

e of the g sum 

snoLa;!! and Paschen-Back effects the sum of the 
rgies of all terms, which have the same M and 
oxxx a single multiplet, is proportional to the field, 
Txoixts of energy are measured in terms of the normal 
y bhen their sum is independent of the field, and 

J L S 

■5 xxLsikes possible the calculation of the weak field 
jOx: "Without the aid of the quantum mechamcs, 
does, however, only to a smgle multiplet, it is 
1013. “the couplmg is Russell-Saunders 
txety be generahsed, however, for an electron con- 
STxmmmg over aU terms of a configuration For if 
Lo j>ondent of the field intensity, it should not change 
S’tirong that each electron vector precesses inde- 
)Oi 3 .“b the magnetic axis, the couphng is then 

(SiH)(s2H) } 

r*uLle reads 

so S {mi+m^) As an example, consider a pd con- 
ving rise to the six terms ^PDF, ^PDF (Fig 18 1) 
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Amoag these there are four with components in which is 3, 
and m these S -h 2mg) is 14 In a weak field these components 
appear as parts of the , ^F^ , and terms, whose magnetic 
sphttmg factors are j and 1 respectively, so that Sgr is 4| 
and luMg is 14 as theory requires 
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Pig 18 1 Magnetic quantum mtmters of a pd configuration m a field so strong 
that the electronic sectors precess independently 


Phiis far the sum has been assumed independent only of the 
field, but if it remains unchanged m a field so strong that all 
electronic vectors are uncoupled, it must surely he mdependent 
of the coupling. And a logical consequence of this hypothesis is 
that the sum of the sphttmg factors is mdependent of the coupling 
when summed over all those terms of a configuration which have 
the same valueof / Porletthe sum of they values of termshaving 
*7 = a be , and when M =b let o-^, then if the highest 

value of J IS J', when M = J', 

ojf 

^gr=Oj.lJ\ 

and as the nght-hand side is independent of the coupling, so also 
IS Zgj,, When J/= ( J' — 

+ Sy(jr._D = or^r_^l{J' - 1) 

Again, the nght-hand side is mdependent of the couphng, and so 
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XVm] INVABIANOB OP THE g SUM 

therefore must Sgr(j-_i) be Clearly this argument can be extended 
to all values of J 

The constancy of the g sum was first deduced by Pauh* and 
Land^t from theory, but m the last decade experiment has amply 
confirmed it In the spark spectrum of chromium^ the and 


Term 

g factor 

Land^ 

Empirical 

ep. 

-0 667 

-0 671 

»D* 

3 333 

2 841 

‘d; 

0 

0 

*p* 

2 667 

3146 

Sum 

5 333 

6 315 


Fig 18 2 g factors of those terms of the 3d* (®D) 4p configuration of Cr n, 
which have J=i An example of the sum rule 


Term 

g values 

g sums 

Land6 

Empirical 

Land6 

Empirical 


1 60 

160 

160 

160 


1 73 

163 

1 3 06 

3 06 


133 

1 43 



< 

2 67 

2 53 

j. 3 34 

3 34 


0 67 

0 81 




Fig 18 3 j factors of the p* (®P) Ss terms of A n, showing that the sum rule is 
obeyed 

«Dj terms of the 3d‘(®D) 4:p configuration show very irregular g 
values, but the sum for the four terms which have a J value of 
^ agrees closely with that predicted by Land6 (Fig 18 2). 
Other examples of the sum rule are to be found m the spark 
spectra of neon,§ argonjl and krypton,^ in Lai, Lan** and 
Agn f i" Fig 18 3, which cites the p* (®P) 6s configuration of An, 

* Pauh, ZP, 1923, 16 166 
t Land6. ZP, 1923, 19 112 
t Krbmer, ZP, 1928, 52 642 Cm 
§ Bakkor and de Brum, ZP, 1931, 69 19 Nen 
i| Bakkor, K Akad Amslerdam, Proc 1928, 81 1041 An 
Bakkor and do Brum, ZP, 1931, 69 30 Krn 
** Biussoll and Meggers, BSJ, 1932, 9 665 Lai, Lan 
tt Shonstone and Blair, PM, 1929, 8 766 Agn 
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brings out gilso one important eorollary of tke sum rule , is the 

only term arismg from this configuration "W'hich has a J value of 
2^, and so its g value must be that predicted by Lande whatever 
the couphng 

Configurations m which the g sum is abnormal are rare, but not 
u nkn own, usually the one which deviates is known to overlap 
another in the energy scale In K n* the g sum of terms having a 
J value of 1 m the configuration 3p® (^P) 4s is 2 57 ± 0 02 instead 
of 1 50, this configuration overlaps 3p® 3d, but not all the 3d 
levels are yet known, so that the combined g sum cannot be 
calculated In Rbn a similar deviation occurs, where two 
configurations overlap "f 

That the g sum rule is broken when two configurations overlap 
IS of mterest, beeanse the quantum mechamcs shows that the sum 
of the magnetic energies of all states havmg the same projection 
of angular momentum on the axis of the magnetic field is in- 
dependent of the couphng between the vectors As the sum has 
to be taken over all states of the atom, the theory m tins foim does 
not give much information, if, however, only states which have 
nearly the same energy infiuence one another, ij* all empirical 
results are seen to hang together The rule is vahd for a single 
multiplet m spectra whose couphng is Russell-Saunders, since a 
smgle multiplet is there isolated, it is vahd for a configuration 
when a configuration is isolated, and when two configurations 
overlap it is still probably true if the sum is extended over both, 
though this point has not yet been tested 

3 Invariance of the T sum 

In. the Paschen-Back effect evidence is found that the sum of 
the displacements of those components of a multiplet, which 
have the same M, remains constant when the strength of the 
magnetic field vanes. That the similai law for the g sum remains 
vahd for any couphng provided the sum is extended to all terms 
of a configuration, suggests a similar extrapolation for the r sum 

Compared mth the g sum, the T sum is unsatisfactory, whereas 
* ■Vriitford, PB, 1932, 39 898 
t Laporte, Miller and Sawyer, PB, 1931, 38 843. 
t Goudsmit, PB, 1931, 37 664 
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theory can dictate absolute g values, it can dictate displacements 
only relative to an undetermmed centroid, and only as a multiple 
of an undeterimned constant A Accordingly, the F sum rule is 
not susceptible of direct verification as the g sum rule is, and 
indeed had there not been some regularities which cried aloud for 
explanation, it seems hardly probable that Goudsmit could have 
pushed ahead on so flimsy a scaffoldmg 


Parent spectrum 

Derived spectrum 
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5s 3630 6s 3532 7s 3539 
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Pig 18 4 Companson of doublet intervals with, those of the triplets derived 
from them, when an s electron is added 


The regularities mentioned connect the arc and spark spectra of 
an element Thus in a number of spectra the triplet resulting from 
the addition of an s electron to a doublet ground term has the 
aflmft extreme mterval as the doublet The mterval from the 
s* p(®P)ws configuration of Sii is equal to the ®P mterval of 
Sm, and this is true also of isoelectromc spectra Agam, the 
(^P) «,s ^Pg Q interval of the mert gas spectra is mdependent of the 
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chief quantum numlber n and equal to the interval of the ionic 

ground term, and the same is true of the very similar d® (^D) 
configuration m nickel and palladium (Fig. 18 4) Standing m 
contrast to these three groups of spectra in which the arc and 
spark mtervals are identical stand the alkaline earth triplets 
T^hose extreme intervals obey the doublet laws, just as their 
spark doublets do 

To account for these regularities, assume that the T sum rule, 
like the g sum rule, is vahd m a field so strong that the electronic 
spm and orbital vectors process independently round the field 
axis, provided the sum be then taken over all those terms of a 
configuration which have the same valne of M Then construct a 
table of all the values which and can assume m the 

term of an ion, and of and for the s electron Then if a 

sufficiently strong field be postulated, 

and y = (imim^y 

where A and a are the mterval quotients of the ground term of the 
ion and the electron respectively, A is thus determined by the 
lomc term, and a presumably by the Land4 doublet formula, 
however, when Fig 18 5 is made out from these equations, it 
shows that a v an i s hes provided that mi is always zero, as it is 
when the electron moves m an s orbit 
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Fig IS 5 Electronic and atonuc displacements in a system consisting of an ion 
m a -P state and an 8 electron s 
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''llid r HuniH aio to bo takc^ii <)V(‘i teriuH luiviug tlic same value 
ol M, HO that thiH table muvst be re-ariang(^d in the form of 
Kig I8() 
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lHt> <li'i|(liit( meuK oil lu' system of Fig 18 5 in a Btioiig fiold 

Hut the* r sum IS independent ni the coupling, ho that thoHO 
suniH nnmt b<‘ tliose found empiiually in a weak field It Fa, 1\, 
I’l'and aie the diH[ilae<'menthol the *l*j, *P[, M\ and ‘’Fotonns 
u'speetivelv, then aii.inging thoHo hy thou M valucH wo obtain 
Fig IS 7 
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when the method is applied to the alkahne earth triplets, in which 
a p or d electron is added to a ground term, it shows that the 
extreme triplet interyal should depend only on the electronic 
quotient a and not at all on the lomc quotient A Thus the 
mvanance of the displacement sum satisfactorily explains the 
intervals observed in three different columns of the periodic table. 

But if these were the pomts chiefly needmg explanation, they 
do not limit the usefulness of the theory, with its aid Slater* 
has explained why the alkah doublets fit a formula developed for 
X-ray spm doublets, while Goudsmitf has related together the 
interval quotients of the numerous terms which may anse from a 
smgle configuration 

As an example of an X-ray spm doublet, consider the Ltl Dnx 
doublet which arises from a p® group of electrons The orbital 
and spm vectors of this group, restricted as they are by the 
exclusion pnnciple, appear in Fig. 18 8 
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Fig 18 8 Electromo aad atomic displacements of a p® configuration. 


These permitted combmations are rearranged according to 
their Jf values m Fig 18 9, and the sum of the displacements is 
obtained But the only two permitted values of / are \ and so 
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* Slater, PJt, 1926, 28 291 
t Goadsmit, PS, 1929, 31 946 
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that if the displacements in zero field are and the dis- 
placements m a weak field must be those shown m I^g 18 10 
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!Fig 18 10 Atomic displacements of a conOguration m a weak field 

Compaxisou of these two tables shows that, if the T siua is 
mdepeudent of the coupling, then 

r^+r^= W’ 

so that Fij - = — fa, 

showing that the mterval is equal to that of an alkah P doublet 
To extend this method to other groups of equivalent electrons 
Goudsmit had to postulate RusseU-Saunders couphng of the 
atomic vectors Thus the d® configuration gives nse to the terms 
®P, ^G, and ^S, or six unknowns, smce P is zero m aU singlet 

terms Calculations based on an assumed strong field however 
give only five equations, one for each value of M firom 0 to 4, so 
that the P values are mdeterminate Should we assume however 
that the ®P and ®P terms obey the Land6 mterval rule, then the 
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Fig 1811 Atomic displacements of a configuration m a strong field, arranged 
by the values of M and Mg 
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displacements of their components may be stated in terms of only 
two Tinknowns and A-p This is shown in Figs 18-11, 18 12 
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Fig 18 12 Atomic displacements of a configuration in a weak field, arranged 
by the values of M and Lj 


The r sum rule show's that 


when ikf = 4 


3-4 — lj<x. 


= 3 2Ap=^a, 

= 2 — 2-4j.+^p = — -Ja, 

= 1 —2Ap=—a, 

= 0 — 2^j,— 2J.p= — 2a 

And these equations are satisfied if 


-4p = Ap = Ja 

Proceedmg in this way Goudsmit* was able to calculate the 
interval quotient A of different components of many super- 
multiplets m terms of the interval quotients a of p or d electrons, 
the results are summarised m Fig 18 13 

This theory has been strikingly successful in predictmg experi- 
mental facts In the d"^ configuxatioh of Ru n all the terms should, 
be mverted except the ^F term, and so m fact experiment shows 
that they are f While m the d® configuration of Ti n J the relative 
separations are m very fair agreement with theory, Fig 18-14: 
shows this, the separation of the term having been fitted to the 
experimental value § 


* Goudsmit, PB, 1928, 31 948 
t Meggers and Sbenstone, PJR, 1930, 35 868a 
t Russell, Ast P J 1927, 66 283 

§ PauLng and Goudsmit, Structure of line spectra, 1930, 163 
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^ig 18 13 Atomic interval quotients of terms arising from shells of p and d 
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IFig 18 14 Term mtervals m the d® configuration of Tin, to obtam the cal- 
oialated values the term has been fitted to the experimental value 





134 


SUM EULES AITD (]]) OOUPLII^U [OHAP 

Neyertheless, m spite of its successes the theory has its diffi- 
culties, of these one example will suffice In the >^s terms of 
neon, theory shows that Vq , (F^ -H Fi') and Fg are independent of 
the couplmg and therefore of the chief quantum number Now F 
has always been mterpreted as the displacement of a term from 
the centroid of the multiplet, so that for the term F^' should be 
zero, mdeed F has been assumed zero for all singlet terms m some 
of the above calculations But if this assumption is made ( F^ — Fq) 



Fignies m brackets liave been mtrapolated from the senes formula 

Fig 18 15 Energies and intervals of the s terms of neon; the term values are 
measured down from the sen^ limit 


should be mdependent of n just as Fg — Fq is; a prediction which 
expenment does not support Moreover, the most obvious way 
of dodging the difficulty is blocked, for if one suggests plausibly 
enough that when the coupling is no longer Russell-Saunders one 
may not nghtly speak of a smglet term, still though F^' need not be 
zero, yet (Fj-j-F^') must be constant And if this be admitted, 
theory predicts that 

(Pj + r/) - 2ro =(?!- To) + (r/- 

should be constant, a predictaon quite at variance with experiment 
(Fig 18 15) 
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4 The intensity sum 

That the intensity sum is proportional to the statistical weight 
{2e7 + 1) is a thesis, which has been developed by successive stages 
from the SP combination, m which it is true of a smgle Ime, 
through the general multiplet, PD, to the super-multiplet or con- 
figuration m which the sum must be taken over all bnes which 
origmate in terms havmg the same value of J * 

This development is so closely analogous to the development 
of the g and P sums, that one expects similar deviations to occur 
when configurations overlap And in fact abnormal mtensities m 
Bai have been ascribed to this cause t 

5 General coupling of two electrons 

The coupling of electron vectors postulated by RusseU and 
Saunders explains that division of levels into multiplets which is 
characteristic of hght atoms It explains, for example, why in 
the s^p s configuration of Ci the four levels are divided mto a 
triplet below and a singlet above, it even explains the 2 1 mterval 
ratio, but when in Pb i these four levels divide mto two diads, the 
RusseU-Saunders couphng fads What then is to be put m its 
place* 

In the model the mteraction of ion and electron is represented 
as the couphng of four vectors This means that there are six 
mteractions, but these belong to only four different types, smce 
(IjSj^) and (l 2 Sa) are identical and so are (liS^) and (laSi), of these 
four types, (s^Sa), (lilg), (liSi) and (liSa), the quantum mechamcs 
states that the fourth may be neglected, unless the atom is ex- 
tremely hght, but the other three are aU important In spectra 
which conform to the RusseU-Saunders type, the spm couphng 
(SjLSa) determmes the separation of terms of different multi- 
phcity, the orbital couphng (Ijla) that of terms of different name, 
and the orbit-spm couphng (liS^) the multiplet mtervals As the 
separation of the terms is a measure of the couphng, and m 
RusseU-Saunders spectra terms of different multiphcity are 

* Hamson and Johnson, PB, 1931, 38 768, give the fviU theory and compare 
it With expenment 

j* Langstroth, PJRSf 1933, 142 286 
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mdely separated, the (s^Sg) coupling must he strong The (I1I2) 
coupling IS weaker than the (s^Sg) but stronger than the (liS^), 
for terms with different names but the same multiphcity are less 
widely separated than terms of different multiphcity but more 
widely than different components of the same multiplet * 

If the evidence of the quantum mechamcs is to be accepted, and 
the (I1S2) couphng ignored, there are stiU three alternatives to the 
couphng postulated by Russell and Saunders If the latter is 
written 

(A) {(l,l,)(SiS,)}={LS} = J, 

the other three are 

{®) {(^l^l) (l2®2)}“{3l]2}“*^J 

(C) {[(llSi)Sg]lg} = {[3,Sg]l2} = {]'l2} = J, 

P) {[(llSl)l2]S2} = {[3ll2]S2} = {]"S2} = J 

These three aU show an ion, whose orbital and spm vectors are not 
at once unlinked when a second electron is added, but differ m the 
influence the ion has on the coupling of the senes electron Thus 
m (B) the couphng (I2S2) is preserved and the atomic resultant J 
appears as the sum of two electromc vectors In (C) the ion 
shows a special attraction for the spm vector Sg of the second 
electron, and so breaks the (^Sg) couphng, while m (D) the ion 
attracts particularly the Ig vector 

All three couphng types have been considered by those who 
have tned to mterpret abnormal spectra, m particular, the 
magnetic g factors have been calculated and compared with 
experiment m more than one spectrum, f but the result of this 
work has so far been to show that types (C) and (D) have no 
advantage over the simpler (]j) couphng of type (B) Incident - 
ally, too, the three are identical when the electron added 
occupies an s orbit 

The farther discussion of abnormal spectra will therefore be 
simplified by treating the ( ]] ) couphng as though it were the only 
alternative to that postulated by Russell and Saunders 

* Hund, Limenspektren, 1927, 91 f 
t For g factors of all foiir coTipbng types, see p 146 
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6 (]]) coupling 

In the change from weak to strong magnetic field, while the 
energies change, the number of states and their magnetic quantum 
numbers, M, do not, similarly, in the change from (LS) to (]]) 
couphng, while the relative energies change, the J values do not 
Accordingly, in the complex spectrum of a heavy metal, such as 
platinum, values of J can be assigned to the empirical terms, but 
the Russell-Saunders notation, dependmg as it does on L and S, 
IS of httleuse 
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Fig 18 16 Terms ansmg from the ]] couplmg of two unliJke electrons ms s, sp 
and p p states, the J values are the same as those of the correspondmg Russell- 
Sannders terms 

To illustrate the invariance of J, consider the terms arising 
from the (]]) coupling of two electrons The values of j pernntted 
a smgle electron are (Z ± |), and the terms aiising from the com- 
bination of two electrons can be deduced by combmmg the two 
] vectors When the electrons are not equivalent, J is simply the 
vectorial sum of ]i and ] 2 , and there are no restrictions, thus two 
electrons havmg j values of 1| and 2\ produce four states having 
J values of 1, 2, 3, 4 Other examples are given in Fig 18 16 On 
the other hand, when the two electrons are equivalent, the Pauli 
exclusion principle does not allow two electrons with the same 
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values of n, Z, j and m, but when this condition is introduced, as it 
IS in the derivation of Figs 18 17, 18 18, the resulting J values are 
still identical to those developed by the (LS) coupling The J 
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Fig 18 17 Terms arising from the ]] coiiplmg of two equivalent p electrons 
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Fig 18 18 Terms axismg from the 33 coupling of three equivalent p electrons 


values to be expected from more complex configurations are 
shown m Fig 18 19 

Turning from the states themselves to their energies, consider 
first the addition of an s electron to an ion in the state, this 
actually occurs m columns IV and VIII, and much is known of the 
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resulting terms The two lomc levels are defined by , which here 
assumes the values 1 J and | The addition of the second electron 
sphts each of the levels in two, for Ja can orient itself parallel or 
anti-paraUel to ]i ]2 is here identical with Sg, since Ig is zero 
Thus the atomic level scheme consists of two “^diads , and the 



Fig 18 19 Terms arismg from various numbers of equivalent p and d electrons 


distance between the diads, being due to the couphng must 
be greater than the mterval of either diad, for the latter is due to 
(ill 2) I^urther, the relative positions of the two terms can be 
foretold, for the energy is due primarily to the interaction of 
and Si and secondarily to the interaction of Si and Sg Hund s 
rule states that the energy of interaction of and Sa is small 
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when tlu' angle between them is small, so that m the lower leTel 
t> < a< 1 ( lad Sj and will be parallel The levels constructed on 
thiH pniKiiplo aio shown in JH’igs 18 20 and 18 22, the former 
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Fig 18 21 lutervaJs of low s^p s terms m four elements of column IV, the scale 
IS adjus^d So as to make the — ‘*Po interval the same in all elements Note the 
change froin. LS couplmg m C i to ]] m Pb i 


representing an erect and the latter an inverted parent term, the 
first agrees well with the empirical s^p m terms of tin and lead 
(Fig 18 21)^ and the second with the p® (^P) ns terms of the inert 
gases (Fig 13 23) 
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But one may ask, why does the addition of an s electron to a 
ground term produce two diads m columns IV and VIII, when the 
addition of a p electron to a ground term produces triplets and 
smglets m column II The couplmgs which have to he con- 
trasted are 

{si ( 12 ^ 2 )}= {^ 132 } alkalme earths, 

and {(liSi) sj = {jisJ in column IV 

In both the couplmg of the electromc vector 3 with the isolated 
spin vector will decrease rapidly m strength with increase of the 
chief quantum number, the couplmg energy bemg roughly pro- 
portional to But the mteraction of the orbital vector with its 

own spm vector differs m the two columns, m the alkahne earths 
the orbital vector concerned is the orbital vector of the series 
electron, so that the couplmg (I 2 S 2 ) wiU decrease m strength with 
mcrease of the chief quantum number just as the {js} couphng 
does, m column IV, on the other hand, the orbital vector con- 
cerned IS the orbital vector of the ion, and the couphng of this 
with its own spm vector remains unchanged throughout the 
series, bemg determined by the doublet interval of the ion * 

In the addition of an s electron to a term, the energy sequence 
of J values happens to be identical with that produced by (LS) 
couphng, but the two wiU not always agree IntheSs^ 5p4(®P)6s 
configuration of Iif the five levels can be named 

^ values occur m that order j&om below upwards, 
but the mtervals are 1459, 4803, 924 and 4530 cm - 1 , and so are 
actually more consistent with a (jj) couphng, for they divide the 
terms mto a lower diad, which we mterpret as (^Pg 63 ) 2 ^^!^, ^ 
middle diad (^P^ and an upper monad (®Pq 6 s)^, the 

critical will not fail to observe, however, that if the (jj) couphng 
was ngid, the J values of the middle diad would be interchanged 
But m fact even m those spectra m which the terms arismg 
fi:om different lomc states are most widely separated, spectra 
such as Rni, Csn, Xei and Xen, the mdividual terms of a con- 
figuration are arranged m no consistent order In Bn i the four 

* Pauling and Goudsmit, Structure of line spectra, 1930, 104 
t Evans, S F , PRS, 1931, 133 417 
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terms p^j) nught lie consistently below tbe two terms 
P*)> but m fact the six empirical terms cannot be separated 
into two groups 


7 m Calculation of g for any coupling 
Less important than the sum rule at the moment because data 
IS scanty, but destmed perhaps to be equally useful, is the 
calculation of g for any coupling Following Land6, Goudsimt 
and Uhlenbeck* have shown that if any vector Z is the resultant 
of two other vectors X and Y, so that the permissible values of Z 
are determmed by 


then 


\X+Y\>Z>\X-T\ 


^ 2Z{Z + 1) 


Z{Z+1) + T(Y+1)-X(X +1) 
2Z{Z + 1) 


With this assumption consider the four coupling types of an 
earher section 


(’^) {(li I 2 ) (®1 ®2)} ~ 

J IS the sum of the L and S, so 

I '^(«^+l) + ^('8'+l) — L(L+1) 
2J{J+1) 

Now L IS the sum of the vectors and Ig , so 

’ 2L{L+l) 

L(Z.+ l) + ^a(^2+l) — ?i(^i+l) ,j , 
2L(L + 1) ^ 

= 1, if (Z) = 1 for all values of I 

And similarly g (S) = 2,jfg(s) = 2 for aU values of s Substituting 
these values in the expression for g (J) gives at once the usual 
Land6 formula 

1 I «^(»^+l) + ^(<S+l) — Zi(L+l) 

^ 27(7+1) 

* Goudsmit aod mienbeok, ZP, 1926, 35 618 
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This analysis bungs out, perhaps more clearly than auv other, 
the cause of the whole anomalous Zooman olleot, winch is nollung 
else than the double magnetism of tho elootion 

If there are more than two elections <K‘,tivo one may tissumo 
that the bmding of and is tightoi than that of then icsultant 
2 with S3, then one may first woik out <j and then comhmo 

Si_2 with Sj But for the Russoll-yaundois coupling g ( L) is always 
1 and g ( 8 ) always 2 

(B) {{WM} = ihh} -3 

J IS compounded of ]i and ]2, so 

q ( j\ _ («^+ 1) +3 i (Ji + 1 ) -Ja O 2 + I) T / . V 
2J(7+1) 


J'(J+ l)+j2(^a+l)-j>i(ji 1 1) / . 

The g{3^ of this expression appeals in Laudi'* s table simply «« 
the g factor of some doublet teim, for is tho sum of 1, and , 
only one electron being active 

Very similar to this (]]) couphngfoi two oloctrouH us tho biiulinjj; 
of the series electron near the hmit of a term Hoqueiic’c, ludotsl tiu** 
equation is unaltered, save that the ground term oi tho ion ih not 
necessanly a doublet 

(C) In the coupling 

{[(iiSi) Sg] I2} - {[jiSg] y = {]' y = j, 

J IS the resultant of ]' and I2, so 

^ mJTT) 


2J(7+1)' 

In this equation g ( 1 ^) = 1, and]' is the resultantof ^ and 83 , sothat 

2 f(f + l) ffOi) 

2 y(/+i) ■■ 

“n 'V '!'>'>«“ ‘“W». "'‘‘■lo 1/ (",) 

is 2, as always for a single electron ^ ^ 
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(D) The coupling {[(liSj) ysg} is so similar to (0) that it need 
not be worked out in detail 

The Talues to be predicted by each of these four oouphng types 
have been worked out for certain spectra whose Zeeman splitting 
IS irregular, but no close agreement with experiment has ever 
been found Couplmg types (B), (C) and (D) often give better 
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Big ] 8 24 g faotois of the p* ( >P) 4p toims of A ii compared with values oal 
oulated for four difieront couplings The sum rule is valid although tho g factors 
are abnormal (Bakker, K Ahjd AmhUrdam, 1928, 31 1041 ) 


agreement for certain terms, but none of them has been found to 
give close agreement even for one configuiation in one element 
A good example of results obtained is afforded by the (^P) 4p 
configuration of An (Fig 18 24) 

As there is evidence that departures from the interval rule and 
Landd’s g formula are both signs of a break from the Russell- 
Saunders couplmg, a study of the variation of gr in a senes or m a 
sequence of homologous spectra has been a long felt want 
Recently Poginy* has supphod the need by studymg the change 
m g m the p® (^P) ns terms of the inert gases This configuration 
produces two terms having a J value of 1, and in neon both in- 
* PogAny, ZP, 1935, 93 376 
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tensity laws and magnetic splitting factors show that the lower 
IS ®Pi and the higher * Of these approaches the lower 
limit of the ion, and must therefore flow to the (]]) coupling term 
of (*Py s), with a g value of 7/6, while the higher term approaches 
the higher Imut and must flow to (^Pj s)i with a g value of 4/3 
Thus as the coupling changes the magnetic sphttmg factor of 



of the iPi 

that for ^ “ 10 to 1 33, this shows that the g values cross and 

^ transition in the 

tranatimfiom^! asw analogous 

(ii)chim«^ticoflef4 at^^^ 

the ideal values of i i n !’ ^ ^ values approach 

(Fig 18 25) ^AsunSrfr ^ ^ become 1 20 and 1 30 

(4- 18 26). <^®tocted in the p terms 


* See p 42 
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(LS) 

Neon 
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couplmg 
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Fig 18 26 g factors of the p terms of the inert gases, showmg the transition 
from LS to jj coupbng These terms arise as p® (^P) wp 

Sources Ne Back, AP, 1926, 76 330, which is in good agreement with Murakawa 
and Iwama, Inst Phys and Qhem Tokyo, 1930, 13 289 A Pogany, ZP, 1935, 93 
364, which agrees well with Temen and Dijkstra, J de Phys 1934, 5 443 Kr and Xe 
Pogdny, ZP, 1936, 93 376 

8 Electronic displacements 

In an earlier chapter, while trjang to explain why terms are 
inverted if they arise from a shell more than half full, resort was 
had to the theory that the atomic displacement V may be re- 
garded as the sum of eleotromc displacements and and it was 
shown that provided the couplmg is Russell-Saunders, the relation 
between the two is 

r — -h 72 = cos (LS) cos (l^L) (s^ S) 

= LS cos (LS) 2 %- cos (l^L) ^ cos (s^S). 

(13 2) 

The quantity summed m this expression is commonly abbre- 
viated as the interval quotient A, so that 

^ = Sai|cos(liL)|cos(SiS) (18 1) 

If this equation is applied to the addition of an electron to an 
ion, the expression for the mterval quotient A wiU m general 
contam two mterval quotients and , and no method is known 


10-2 
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separating these But under certain conditions the expression 
simplifies, thus if either the ion or the electron is in an s state, or if 
the ion IS m a singlet state, one of the interval quotients vanishes , 
while if the two electrons are equivalent and are equal The 
method cannot be extended to the combmation of three electrons, 
unless two are assumed so tightly linked that they are quite 
undisturbed by the third electron 
Thus consider the addition of an electron (I 2 S 2 ) to an ionic S 
term defined by (liS^), then smce is zero, % vamshes from the 
expression for A, and there is left simply 

J.=a2~cos(l2L)^cos(s2S) (18 2) 

In this equation 

- cos a = ^2 + + I) — ^1 (^i + I) 

L ^ 2L{L + 1) 

= 1, when Zi=0 and L = l^, 

so that the expression for A simplifies to 

® 28{S + 1) 

^ow when an electron is added to a term with spin vector , two 
terms will he produced with spm moments + J) and — J) , if 
these have mterval quotients and A_, 

i + (^i + i)(^i+f) — 5i(gi + l) 

2 (®i + i) (®i + f ) 

=aj{2s^+l) 

And similarly it may be shown that 

A_ 

(25i4-1) 

Apphed to the alkahne earth spectra the expression for A^ 
leads directly to the results already obtained by the sum rule , but 
apphed to the d«(«S)np configuration of Cri and Moi, the 
onnuke lead to results which are new, thus the term ahon Td be 
erwt and the sp term mverted, while both should have the same 
^ y quotient. In Gri the two terms obey the mterval rule 
well, and the ^p term is mverted, but the mterval quotients 
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instead of bemg equal bear a ratio of 9 1 (Fig 18 27) In Mo i tbe 
terms do not obey the interval rule and both are erect , while if the 
theory is apphed to the p® (^S) rtp configuration of column VI the 
results are even more unsatisfactory 

Agreement, however, is only to be expected if the p® and d^ 
groups are so firmly bound m an S state that the addition of the 


Terms 

Cri 

Mo I 

^v 

A 

Av 

A 

3dfi (fig) 4p 
for Cr I 
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4d® (eg) 6p 
for Mo I 
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'Pi 
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'Pa 

-57 

-88 

-29 

-29 

121 

87 

61 

29 




Fig 18 27 Intervals of the d® (®S) p configuration m Or i and Mo i 


p electron does not disturb them, and if the coupling of the 
ion and electron is Russell-Saunders That experiment does not 
here support theory shows only that these assumptions are 
invahd, for a very valuable apphcation of the same theory has 
been made to the displaced terms of beryllium, magnesium and 
isoelectromc spectra The 3s 3p^P° and 3p2^P of the mag- 
nesmm-hke spectra have many of them identical mtervals as 
Fig 18 28 shows Now according to the above theory the 
intervals should be determmed by 

T = ALS GOB (luS), 
where A=a-J^ cos (l^ L) ^ cos (s^ S) 

.4l.Ml0o.Ks, as. 

For the 3s 3p configuration the first term of this equation is zero, 
and there remams simply A = For the 3p^ configuration, on 
the other hand, the two terms of this equation are equal, and smce 
L = S = = = \ and5i = 52 = i, there results agam A = |(Z 2 Thus 
the interval quotients are equal, and since both are ®P terms their 
displacements and intervals are also equal 
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Bechert* has advanced even further than this and has been 
able to apply a theory of Goudsmit’sf to account for the dis- 
crepancies from the 2 1 mterval ratio, but the theory involves 
the use of the quantum mechanics and is beyond the scope of 
this book 



18 28 sp aaid ®P intervals m spectra isoelectronic with Mg i 


9. Abnormal Intensities 

Kromg has shown that the mtensity tables given in the 
previous chapter may be apphed to configurations in which the 
coupling IS (]j), if /Sis replaced by and L byj 2 > where is taken 

to be the quantum number which does not change m the transi- 
tion J 

Abnormal intensities due to (]]) coupling must be distmguished 
om those due to the overlappmg of multiplets and configura- 
tions, to obtam clear evidence of the vahdity of this formula, one 
would wish to measure the mtensities of hnes arismg in a con- 
hgoration ■well separated from all others and exhibitmg the 
mtervals charactenstio of (]]) couplmg 

10 Perturbed terms 


There is one factor producmg abnormal series, mterval ratios, 

intensities, which has only recently received the 

m^^l K perturbation, and is best 

induced by a study of a perturbed series 

perturbed senes, the diffuse senes of calcium affords a ^l e ar 
* Beohert, ZP, 1981, 69 73S 
I ^ 1326 

^ Bartlett, PR, 1929, 34 1247, 
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example The first four members of the term sequence contract 
m the usual way, but the next three expand anomalously, the 
expansion reaches a maximum at the seventh term, the succeed- 
ing triplets contractmg agam as they approach the series hmit 
This may be shown m two ways, by plottmg the displacement of 


Displacement 

-20 -10 0 10 cm-» 20 



Fig 18 29 The 4s nd term senes of calcium showmg perturbation The 
abscissae are the displacements from the centroid, which is shown dotted 

each term from the centroid against the energy (Fig 18 29) and 
by plottmg the effective quantum number agamst the energy 
(Fig 18 30) 

Similar abnormahties have been noticed m the series of 
A1 ii’*' and the senes of Ou i, f and their cause has been elucidated 
by Russell and Shenstone % They show that these anomalous 
series only occur when a term of another series mtrudes, thus 
between the sixth and seventh terms of the 4s nd sequence of 

* Sawyer and Paschen, AF, 1927, 84 1 

t Shenstone, PB, 1929, 34 1623 

X Russell and Shenstone, PB, 1932, 39 415 White, Introduction to atomic 
specbra, 1934, gives a clear and full account of this work. 
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calcmm tliere lies the 3d 5s term, a term be it noted with the 
same values of L, S and J, but with an interval much greater 
than that to be expected at this height in the 4s nd series (Fig 
18 32) When this mtrudmg term is excluded from the sequence, 
all succeedmg values of the quantum defect are reduced by one, 
and the graph of the defect against the energy comes to resemble 
an anomalous dispersion curve (Pig 18 31) Moreover, if a formula 

Quantum defect 
n-n* 



I^g 18 30 The quantum defect for the term sequence of Oa i with 

the intruding term included 

IS developed on anomalous dispersion Imes,* very good agreement 
with, experiment can be obtamed 

Clearly aU spectroscopic terms do not perturb one another, 
analysis alone does not reveal what conditions are essential, but 
the quantum mechamcs provides an answer to this important 
question If two levels have the same characteristic quantum 
numbers and he close together, the eigenfunction of each level 
contains some components of the eigenfunction of the other, so 
that both levels belong m part to both configurations Stated m 
other words this means that when two states perturb one another, 
* Langer, PR, 1930, 35 649a 
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there is a ceitam probabihty that the atom will jump back and 
forth between the two without energy bemg radiated The assign- 
ment of a given level to a definite electron couphng is therefore 
mdefimte, it becomes more defimte the furthei the levels are 
apart Moie precisely two levels perturb one another when both 
have the same J and both are odd or both even, the two terms 

Quantum defect 

W— 72* 



Pig 18 31 The quantum defect (n—n'^) for the term sequence of Ca i with 
the mtrudmg term lemoved Note how similar this graph is to that character- 
istic of anomalous dispersion 

need not belong to the same configuration, or be derived from the 
same state of the ion, but experiment shows that the perturbation 
IS greater when the two terms have the same values of L and S if 
the couplmg is (LS) or the same values of and ja couphng 
IS (]J) 

Smee the assignment of electron couphng is mdefimte, each 
perturbed level is likely to have some of the properties of the 
other, and m fact much evidence has accumulated to show that 
the perturbmg levels share their mteival factors, their magnetic 
sphttmg factors and their intensities 
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The quantum mechamcs shows that m terms of energy per- 
turbation manifests itself essentially as a repulsion, but it is not 
difficult to show that repulsion leads logically to a sharmg of 
intervals Consider for example a narrow triplet lymg close below 
a wide one, if one of these is odd and the other even, they will not 
perturb one another, and if the couphng is (LS) they will appear 
as shown on the left of Fig 18 33 If however both terms are 


Observed 
term value 
cm 

Configura 

tion 

n 

n* 

n-n* 

Calculated 
term value 
cm 

T (obs )- 
T (calc ) 

28969 1 

4s 3d 

3 

1 946 

1054 

26465 

2504 

11556 4 

4s 4d 

4 

3 081 

0 919 

11556 

0 

6561 4 

4s 5d 

5 

4 090 

0 910 

6562 

- 1 

4256 5 

4s 6d 

6 

5 078 

0 922 

4252 

+ 3 

3002 4 

4s 7d 

7 

6 045 

0 955 

3002 

0 

2268 3 

4s 8d 

8 

6 955 

1045 

2287 

-19 

1848 9 

3s 5d 


7 702 

] 

foreign term 


1551 3 

4s 9d 

9 

8 410 

0 590 

1551 

0 

1273 1 

4s lOd 

10 

9 284 

0 716 

1276 

- 3 

1045 6 

4s lid 

11 

10 244 

0 756 

1048 

- 2 

869 8 

4s 12d 

12 

11 232 

0 768 

873 

- 3 

734 0 

4s 13d 

13 

12 227 

0 773 

737 

- 3 

628 0 

4s 14d 

14 

13 219 

0 781 

630 

- 2 


Pig 18 32 Senes calculations of the anomalous 4s nd senes of calcium 
The calculated term values are obtained from a formula designed on the hues 
of those used to explam anomalous dispersion (After Russell and Shenstone, 
PB, 1932, 39 415 ) 


even, the levels with the same J will repel one another, and as the 
repulsion is greater the nearer the levels are to one another, the 
terms which are nearest undergo the greatest displacement, 
thus the narrow triplet is widened and the wide triplet is narrowed , 
this is shown on the right side of the figure Moreover, if the 
narrow term hes above the wide, the same sharmg of the mtervals 
results 

Of the sharmg of magnetic sphttmg factors much evidence has 
accumulated Thus is Zri the and ^D 2 terms of the 4d^ 5s^ 
configuration should have g values of 1 5 and 1 0, whereas m fact 
both have the same g value, 1 25, these terms are separated by 
915 cm Further examples from Zri are shown m Pig 18 34, 

* Kiess, C C and Kiess, H K , B8J, 1931, 6 660 


♦ 


[ 
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while the phenomenon has been observed m Tii, Cui, Nin* 
and Lan In aU these spectra the two perturbmg terms belong 
to the same configuration, but the deviatmg g sums of Kn, 
Ebn and Pnm make it probable that this is not an essential 
condition In Pb mf the g value of the 6s 6p ^Pg term, which 




Unperturbed Perturbed 

One term odd Both terms 
and one even odd 


Pig 18 33 Changes produced by perturbation on wide and narrow triplets 
when these he close to one another 


should be 1 60 whatever the couphng, is m fact 1 36 This can be 
most reasonably explamed if the term is perturbed, but what 
umdentified configuration is likely to he near enough is not clear 
Short of complete sharmg, the g factors may be more or less 
distorted A method of calculatmg the precise change m g caused 
by neighbouring states was first developed by HoustonJ for the 

* Shenstone, PB, 1927, 30 264 
t Green and Lormg, PB, 1932, 41 389 a 
X Houston, PB, 1929, 33 297 
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ps configuration, Goudsmit* later extended the method to the ds, 
and Laporte and Inglisf to the p® s and d® s configurations The 
only empinoal constant which these formulae contam is one 
easily determined from the energies of the terms 

Though perturbed terms share their magnetic sphttmg factors, 
one toiust not too readily assume the converse, that when two 
terms share their sphttmg factors they are perturbing one 
another The and ^P^ terms of the 4p® (^P) 5s configuration 


Configuration 

Term 

Elhc 

g theory 

g observed 

4d2 6s2 

sPa 

4,186 

1 500 

1 25 



5,101 

1000 

4d® 5s 


12,342 

1250 

1 16 



12,761 

1060 

4d* 5s 


26,931 

1000 

1 13 

6p 


26,938 

1 260 

4d® 5p 

'Pa 

! 34,761 

1833 

142 


^Da 

34,850 

1000 

4d® 5p 

% 

' 36,760 

1000 

0 87 


'Ga 

36,942 

0 760 


Tig 18 34 Sharmg of magnetic splittmg factors m Zr i 


of Kri both have g factors of 1 25, but they are separated by 
4930 cm and m fact their g factors have been explamed as due 
to a particular couplmg mtermediate between (LS) and (j]) 
(Fig 18 25) 

The sharmg of mtensities is also well established In Zri 
smglet terms have been found combinmg with qmntets, but only 
when the smglet has a qumtet neighbour or the qumtet a singlet 
and the two perturbmg terms have the same J J Moreover, m 
barium Langstroth § has identified the terms which perturb the 
first three multiplets of the diffuse and fundamental series, and 
has shown that the experimental mtensity sums are those re- 
quired for (LS) couplmg In this comparison an uncalculable 
parameter appears connectmg the mtensities of two multiplets 

* Goudsmit, JPR, 1930, 35 1325 

t Laporte and Inghs, PR, 1930, 35 1337 Pog&ny, ZP, 1933, 86 729, con- 
firms the predicted values m Kr i 

J Details on p 106 

§ Langstroth, PRS, 1933, 142 286 
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arising m different configurations, but this may be determmed 
experimentally provided some Imes occur m each multiplet 
which are only shghtly perturbed A study of perturbed terms 
leads naturally to the identification of hnes previously regarded 
as anomalous, for a weak multiplet may have one or more of its 
Imes mtensified by perturbation until they become strong enough 
to stand out m the spectrum Several fragments of multiplets, 
whose other components are so weak that they escape observa- 
tion, have m fact been found 

In barium no attempt was made to calculate the precise m- 
tensities of mdividual Imes, for this is only possible when the 
parent configurations of all perturbmg terms are known, and as 
yet the analysis of Ban is msuflficiently advanced Indeed m- 
dividual perturbed intensities seem to have been calculated and 
compared with experiment only once, by Kast* working on Sri 
He found satisfactory agreement, but the perturbation in the 
two terms considered was not as large as one could wish con- 
sidermg the magmtude of the experimental error 
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CHAPTER XIX 
SERIES LIMIT 

1 J values 

Evidence has already been adduced to show that m the spectra of 
N, An and Ne where the hmit is a multiplet, some senes converge 
to one component and some to another To recall the point at 
issue consider the displaced terms of calcium, five terms of the 



Pig 19 1 Splitting of the 3d Tid terms of Ca i showing that all three do not 
tend to the same limit 

d »ip®P senes are kno'wn and the separations are plotted in 
Fig 19 1, sho'wing qmte clearly that ®P 2 converges to an upper 
limit, while ®Pi and ®Po converge to a lower, these hunts are 
naturally mterpreted as the and terms of Can 

All these terms have been named because they approximate to 
the Russell-Saunders ideal, but there are other terms such as the 
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{2P)p and (^P) d terms of neon which cannot be named though 
their series have been worked out, and the limits they approach 
Naturally then the question arises cannot theory predict which 
terms will approach each hmit^ This was the problem which 
Hund set h im s elf, and his solution will be considered in due 
course, but m that J is more easily determined than the oibital 
and spm vectors, it must take precedence 
Empirically the J values of unknown terms are always more 
easily determined than the multiplet structure And theoretically 
the J values retam their significance even when the couphng is 
most irregular and L and & have no meaning In particular, if 
both the series hunt and the orbital vector of the series electron 


Limit \ 
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Pig 19 2 Pasohen’s p senes m neon and the limits to which they tend 


are known, then the J values of the terms approaching that hmit 
are readily detenmned 

Ask, for example, which of the p terms of neon approach the 
lower hunt of Ne n When the chief quantum number of the 

senes electron is sufficiently large the couphng is roughly (jj) and 
the problem is simply to find what J values can result from a term 
having = 1 J and a p electron havmg ja = i or 1 J When ja = ^ 
permitted values of J are 1 and 2, while when ja = fi> J "will 
assume the values 0, 1, 2 or 3 Thus the J values of the terms 
approachmg the lower hmit should be 0, 1, 1, 2, 2, 3, while those 
approaching the upper hmit will have J values of 0, 1, 1, 2, 
and this is m fact the division actually observed. 

And these facts may be simply summansed m a cell diagram, 
constructed to show the limits from top to bottom and the J 
values from left to right 

This diagram shows that the structure of certam terms is 
detenmned umquely, thus the empmcal p^ term is the only term 
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ansmg by the addition of a p electron to a ktmt and having 
J = 0, and it IS thus the only term whose structure can be ex- 
pressed S 3 unbohcaUy as p)^ But unfortunately no method 
IS known of distingmsbing two terms which have the same hmit 
and the same value of J, though theory shows clearly that the 
one arises when the p electron has a-Jid the other when 

Ps and pg must both be written (^P^ p)^, for they can- 
not be distmguished as (^P^j pj)^ and (^P^ p ^)2 

The same method when apphed to the (®P) d terms of neon or 
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Limits of the terms of neon and argon 
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19 4 Lumts of the (*“P)»is terms of sihoon 


argon gives Pig 19 3, while apphed to the 3p its configuration of 
sihcon it gives Pig 19 4 

The J values of all known senes fit m with these requirements, 
and the agreement is equally satisfactory whether the low terms 
are roughly RusseU-Saunders as they are m mtrogen and the s 
terms of neon, or whether a large gap separates the terms tending 
to the upper and lower limits as m the p and d terms of argon 

2- Hmid’s theories 


The^ problem, however, is not to account for the empirical 
terms by assi^ a (jj) coupling, but to name them with the 
Russell-Saunders symbols 

Towards the solution of this problem Hund has made two 
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pronouncements In the first* he fixed the limit towards which a 
term senes must converge, and fixed it given only the ion, the 
series electron and the symbol of the term, but though this theory 
IS successful enough when both terms and limit are erect it fails 
badly when the hmit is inverted as it is m neon Thus the 
(2P)9^s configuration yields two terms havmg *7=1, and ^Pj, 
Hund’s early theory states that of these ^P^ will always approach 
the ^Pj hmit, and ^Pj the ^Pg^ hniit, but though this prediction is 
correct in sihcon it is incorrect m neon 
Hund’s revised prediction^ is less precise and therefore less 
useful, it has usually been taken to mean that terms arismg from 


Term 

71 = 6 

Av 

n=6 

Av 

Limit 


19533 2 
18802 6 
18398 6 
16122 5 

730 7 

403 9 
22761 

108313 0 
107817 0 
107309 3 
107631 5 

496 0 

507 7 
-322 2 

195,196 

194,824 

194,268 

195,978 


Pig 19 6 Values of the limits to which the four terms of the 4d ns configuration 
of Zr m tend 


the same configuration and having the same J do not cross as they 
approach the hmit, and in this form the theory is certainly m 
closer agreement with experiment Thus m sihcon the ^P^ term 
hes below the ^P^ term and accordmgly ^P^ will approach the 
lower hmit, namely ^P^ of Si n, in neon ®Pi , bemg S 4 in Paschen’s 
notation, agam hes below ^P^ or Sg, so that agam ^P^ approaches 
the lower limit, but this time the hmit is mverted and the lower 
component is ^P^j 

There are many similar successes to the credit of the revised 
theory, but it is not without its own problems Consider the 
4d ns configuration of Zrm for example, § the levels of this con- 
figuration are shown m Pig 19 5, measured upwards from the 
®Pg ground term Each of these pairs of terms is treated as part of 
a Rydberg sequence, and the hmits calculated 
These seem to show that ^Dg, though below ^Dg m the low 

* Hund, Linimspektren, 1927, 184 f 
t Shenstone, N, 1928, 121 619, 122 727 
t Hund, ZP, 1929, 52 601 
§ Kiess, C C and Lang, B8Jy 1930, 6 321 
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terms, yet tends to a higher hunt, for the separation, of the limits 
of ^D 2 and *D 2 works out as 1154 cm “i, which compares well with, 
the interval of the term of 2kiv, which is 1250 cm That the 

sequence should converge to the upper limit is in accord with 
Hund’s early theory, but contrary to the usual mterpretation of 
his later pronouncement 

A letter, however, written by Hund to Mack* shows that his 
statement has been mterpreted too ngidly, for he specifically 
hmited his prediction to terms which showed no symmetry 
property, and the letter states that any experimental evidence of 
crossing is to be taken as evidence of a symmetry property of the 
system Accordingly the crossmg of levels havmg the same J can 
never be m disagreement with Hund’s conjecture, and the latter 
IS m fact only a convention for naming levels where experiment 
does not distinguish between them Mack pomted. tbia out 

But even m this very limited form one may question whether 
the convention is usefiil, for if the Bussell-Saunders notation is 
not to have any of its usual imphcatioiis, it is surely better 
abandoned, and one which has no imphoations at all adopted, m 
its place And m fact Russell has advised that terms whose con- 
figuration and coupling are still undetennmed Hb».11 be specified 
sunply by numbers 

Present theory thus appears unable to malra any general 
pronouncements, but it is not therefore valueless, experiment 
ahoira that m a large number of spectra, terms having the same J 
do not cross, and accordingly the consequences of this hypothesis 
are worthy of study, if only as an ideal with which the empirical 
may be compared This ideal is the more useful m that if all terms 
obeyed Hund’s energy rules only two types of convergence would 
be found, one when the hmit is erect, the other when the hmit is 
mverted The erect type of convergence is identical with that 
dictated by Hund’s first theory 

Take as an example the convergence of the terms of a (*P) wd 
wnfiguiataon when the limit is first erect and then mverted 
(Bi^. 19 6, 19 7) When the limit is mverted all components of a 
mufiaplet tend to approach the same limit, but when the limit is 
* Mack, PR, 1929, 34 34 
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erect they tend to approach dijQEerent lumts, and in this the 
(®P) d terms are only one example of a general trend 
A word should be added on the filbng up of these figures, the 
number of cells in each row and their J values have been con- 



Fig 19 6 Convergence of (®P)7id terms when the limit is erect , the low terms are 
assumed to obey Hund’s energy rules and terms with the same J do not cross as 
they tend to the limit 


4 14 2i 3i 

Limit \ 



Eig 19 7 Convergence of (®P)wd terms when the limit is mverted, the assump- 
tions bemg the same as m the pievious figure 


sidered earher , the terms arising from (^P) d are ^D, ^P, ^F, 

^P in that order from below upwards, accordingly, starting with 
^F, insert each of the four components in the lowest cell which 
its J value permits, havmg fimshed ^F contmue to and so 
through ^P and ^(FDP) until aU seventeen cells are full 
A number of these convergence types are given in Fig 19 8 
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Fig 19 8 (a) Convergence of terms to erect doublet limits (h) Convergence of terms to inverted doublet limi ts 
(c) Convergence of terms to erect triplet limits {d) Conveigence of terms to mverted triplet limi ts 


CHAPTER XX 


HYPERPmE structure 


1 Empirical 

When themterfeiometers of Michelson, Eabry-Perot and Lnmmer- 
Glehxoke are apphed to spectral lines, which appear single in a 
pnsmspectroscope.manyarefoundtoexhibit aoomplex structure 
with component intervals of 0 1 to 1 0 cm This much has 
been known smce these high resolvmg mstruments were first 
mvented, the structure being commonly referred to as hyperfine 
The small mtervaJs alone might suggest that the hyperfine 
levels can hardly be attnbuted to the same electron spm which 
produces the normal multiplet, and this suspicion gams support 
from the difficulty m fitting them mto Hund’s term scheme 
Caesimn, for example, must surely have a doublet structure, yet 
if a spectroscope of high resolving power is apphed to certain hues, 
which should be simple, they appear as doublets with an mterval 
of about 0 3 cm -1 Time and again Hund’s scheme has predicted 
how many terms an element should possess, and when the 
analysis has been completed, these and only these have been 
found Yet when an element exhibits h3^erfine structure, the 
extra levels cannot be fitted in 

Clearly then some new explanation must be sought In 1924 
Pauh* drew attention to the nucleus as a possible influence, but 
it was not until the following year that Schulerf brought forward 
the first experimental evidence in his work on the hyperfine 
structure of the 5486 A Ime of Lan This hue arises firom the 
^*^ 0 . 1 . 2 “^^*®! transition, and should therefore be similar to 
the 7066 A. hne of Her, for the latter arises from 3s8S-)-2p *P, 
but whereas the hehum hne is a tnplet, Schuler showed that the 
6485 A hne of hthium has at least 14 components 
As both the hehum atom and hthium ion have two orbital 
electrons, they differ only m their nuclei, and so to the nuclei 

• Paidi, Nw, 1924, 12 741 
t Schfiler, AP, 1926, 76 292, ZP, 1927, 42 487 
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must be attributed the hyperfine structure Further, hthium has 
only two isotopes, Li® and Li'^, so that even if these did pro- 
duce separate triplets they would account for only 6 out of the 14 
Components, the nuclear property responsible must therefore be 
somethmg other than a simple mass effect 


2 Influence of nuclear mass 

In both hydrogen and lomsed hehum, the series are governed 
by the relation 

but the Rydberg constant, i2, has a shghtly different value m the 
two spectra, 109,678 in hydrogen and 109,722 in hehum This 
small difference Bohr explamed as due to the different mass of 
the two nuclei, for if the mass is infimte 


JL ^ 


^ 27r2e%i.g 
Clfh^ 


(2 9) 


But when the mass of the nucleus is fimte, the electron and nucleus 
both revolve about the common centre of gravity, to correct for 
this one substitutes for the mass of the electron, the quantity 

M 

^ 

ilf -hwig ^ 

This theory clearly shows that the spectral hnes of the heavy 
isotope of hydrogen will be displaced, each line of the Balmer 
series havmg a weak component on its short wave-length side , 
moreover, as the mass of the isotope is 2, the intervals of 
the first four hnes, Hq, to Hg, should be 4 16, 5 61, 6 29 and 
6 65 cm Photographs show that m fact a weak satelhte does 
occur in this position, and that the satellite is stronger when the 
concentration of is increased 
When there is more than one electron, the theory is much more 
comphcated, but Hughes and Eckartj" have provided a solution 
for systems of two and three electrons The separations of the 


* Urey, Brickwedde and Murphy, Pit, 1932, 40 1 
t Hughes and Eokart, PE, 1930, 36 694 
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lithium isotopes, Li® and la’, is m reasonable agreement with 
theory * The measured mtervals are 

Lin 2p3P^2s3S 5486A 106cm-i 

Lii 2p2P->2s2S 6708 A 0 346 cm 

3p ap ^ 2s as 3233 A 0 56 cm 

For atoms with more than three electrons, no theory has been 
evolved, and m fact a displacement due to mass alone seems to 
have been demonstrated only m neon Fach arc hne of 
element is accompanied by a faint oompamon of shorter wave- 
length If the smgle electron theory was not mvaJid, it would 

Sv 

suggest that the mtervals should be given by — = 247 10”®, while 

experiment shows that this ratio assumes the values 437 10”® 
in the Imes 2 p^->ls 2 , 868 10”® m the hnes ^p^-^lsg^^s 

Thus the qualitative agreement is satisfactory f 

3. The extended vector model 

The first theory put forward to explam hyperfine structurej 
assigned to the nucleus an angular momentum I, and made 
this combme with the electronic moment J to form a resultant 
atomic moment commonly written F Then P must be quantised 
as well as I, and 

J + I = F 

Previous experience with the similar linking of L and S to form 
J suggests that possibly F will change only by + 1 or 0, and that 
the transition from F=0to F = 0 wiU be forbidden, further, one 
may hope that the multiplet mtervals wnll satisfy the Land6 
interval rule This hypothesis was at first only a guess, but evi- 
dence drawn both from experiment and from the calculations of 
the wave mechamcs shows that the guess is fortunate 

Evidence will be adduced first in support of the mterval and 
selection rules, thus certam hnes of the bismuth spectrum weie 

* Hughes, PR, 1931, 38 867 Cf Granath, PR, 1932, 42 44 
t Hausen, N, 1927, 119 237, Nagaoka and Mishima, Invp Acad Tokyo, 
Proc 1929, 5 200, 1930, 6 143, Thomas and Evans, E J , PM, 1930, 10 128 
t Pauli, Nw, 1924, 12 721 



PLATE VII HYPERFINE STRUCTURE 

1 Potasanm resonance hnes^ 7699 and 7666 A , 2 p-> ag Light from a 
potassi-om lamp was exammed with a Fabry -Perot 6talon, after passmg 
through a beam of potassium travelling at right angles to the Ime of sight , 
the absorption pattern possesses a fine doublet structure, the Doppler 
width m absorption bemg much less than m emission 

2 Rubi&mrn resonance lines, 7800 and 7948 A , ^ 2 g Photographed 

with a reflection Echelon, each kne consists of four components, the weak 
outer components are due to Rb 37 , and the strong inner components to 
Rbgs As the hfs is the same for both lines, it arises m the common level 

3 Caesvum Vine, 4556 A, The hfs revealed by a Lummer- 

Gehrcke plate consists of doublets, arismg m the level, the mtensity 
ratio of 1 27 1 shows that I = 3^ The frmges of 4693 A , ^p^ appear 
very f amt 

4 Oalhtcm resona/nce kne, 4033 A , A reflectmg 6chelon grating 

reveals three Imes with mtensity ratio of 4 9 6 1 6 The and ^p terms 
have nearly the same mterval so that two of the four components over- 
lap, the theoretical patterns are the same for 1 = J and 1= IJ, but the 
intensity ratios are 12 1, and 6 6 6 respectively, thus 1= 1 J 

6 Ind/iit/m Vine, 4101A, The photograph on the left is taken 

with a reflectmg 6chelon gratmg, while on the right this has been crossed 
with a Fabry -Perot 4talon Since the four streaks A, B, C, D he on a 
diagonal, the pattern consists of these and not of D', A, B,G as the left- 
hand figure might suggest The mtensity ratio of 2 72 1 82, 1 00 2 74 
shows that I = 4 J 

G Thallnjwni Vine, 6351 A , ®S ^Pij The left-hand photograph was taken 
with a reflectmg Echelon, m the right hand this has been crossed with a 
Fabry-Perot 6talon The Ime consists of two close doublets, for the com- 
ponents 6' and B' can only be h and B appearmg m the next oider, smce 
on the right the 4talon frmges appear at the same height The small 
mterval is due to isotope displacement, a and h bemg due to Tlgos and 
A and B to Tlgos, the larger mterval is due to the hfs of the term 

7 ThaLkurn Vme, 377 6 A , ->• ®P^ The six components are arranged m 
three close doublets, but the pair B and b m the order overlap the 
pair O and c m the {n+ order, for when the Echelon is crossed with 
a Fabry-Perot 6talon, the frmges m these hues are double 

All photographs were lent by Dr D A Jackson 
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early analysed* and the 4722 A line, arising from the sl^-> 
p® transition may he quoted as an example The observed 
pattern is shown in Fig 20 1 and analysis of this shows that the 
lower term, has intervals of 0 152, 0 198, and 0 255, these 
best satisfy the mterval rule if F is assigned the values 3 to 6 , and 
the vector model allows just these values if / is 4J, moreover, the 
model predicts always (2J + 1) or (2/+ 1) components, accordmg 
as / or / IS the larger, and m fact the l^., 8^^ and terms do 





Eig 20 1 Level diagram showing the structure of the 4722 A hue of Bi i, the 
mtervals given are empirical, the mtensities theortical (After Goudsmit and 
Back, ZP, 1927, 43 321 ) 

spht into 2, 4 and 6 levels respectively Of these terms the two 
last obey the mterval rule even better than the term cited 
above (Fig 20 2) 

The analysis of bismuth by the interval rule has been followed 
up by work on Mn, Pr, La and Cs That bismuth was the first 
element successfully analysed was not due only to chance, but to 
the existence of only one isotope For where several isotopes 
occur, each may have a different nuclear spin, and each spin then 
produces its own hyperfine pattern 

* Goudsmit and Back, ZP, 1927, 43 321 Zeeman, Back and Goudsmit, 
ZP, 1930 66 1 
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Thus oapdnuum possesses six isotopes and these manifest 
themselves in the straotuie of the tnplet 4678, 4800, 5086 A , 
which anses fifom the transition 2®Si->-2®Po,i,2 * The three 
hy^ierfine patterns have only one interval m common, namely 
0 396 cm and the 2®Si term must spht therefore to two and 
only two components, but as the number of components is always 
(2 J + 1) or (2/ + 1), J must be and smoe this value must hold 
for all three P levels the term scheme and hne pattern should be 
those shown m Fig 20 3 All the hues required by this scheme are 
m fact observed and have their theoretical intensities, but m 


Term 

F 

2 

3 

4 

6 6 

7 

6p» 

Interval 



-0162 

-0 198 

-0 256 



A 

— 

-0 038 

-0 040 

-0 042 

— 

6p> »D„ 

Interval 

0 266 

0 312 

0 385 

0 491 

0 563 

A 

0 086 

0 078 

0 077 

0 082 

0 080 

6p» 7s 8i* 

Interval 



0 379 

0 473 

0 563 

— 

A 

— 

0 095 

0 096 

0 094 

— 


Fig 20 2 Examples of the mterval rule m bismuth 


addition each gross line has a strong component shown by the 
dotted line A at the foot This strong component has been 
attributed to isotopes of cadmium havmg no nuclear moment and 
hence no hyperfine structure Of the six isotopes of cadmium 
which Aston has identified therefore some have a nuclear moment 
of i and some of zero, and the mtensity of A relative to the other 
components makes it necessary to allocate the value ^ to the odd 
isotopes 111 and 113, while all the even isotopes 110, 112, 114 
and 116 have 7 = 0 

Cadmium is pecuhar m that the hyperfine levels are mverted, 
the levels with the largest values of F lying lowest, this arrange- 
ment is rather rare among hyperfine structures thus far analysed, 
though the level of bismuth exammed above happens also 
to be mverted 

The results thus far cited may be taken to prove that the hyper- 
fine mtervals satisfy the mterval rule and that the selection rule 
IB AF= ± 1 or 0, but no evidence has been adduced to show 

* Sohuler and Bruok, ZP, 1929, 56 291 , 58 735 
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bher thetraDEitionfrom -P= Oto Oisspecificallyforbid(len. 

Hider therefore the 3776 A line of Tli, a hne which arisow from 
lutup 2 examined for hyperfine structme thin hue 
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'i)j( 20 3 Level diagram showing the structure of thrtM) cmlmium litKW 


miIk an iinBymmetrical tnplet (Fig 20 4 ) * Ah tho initial and 
,l terras have the same value of J, this structuTo oan bo o\- 
iK^d only if I 18 and if the 3ump from F = () to F - 0 iH 
iilioally forbidden, any other value of J would givt' hho tio 


H(htil©r and Brack, ZP, 1929, 56 676 Kchulor and KoyHUni, ^I/^ ISl.U, 
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four components, and should two of these comcide then the 
triplet would be symmetrical 

That the same selection and mterval rules are vahd for both 
F 



Fig 20 4 Level diagram of the 3776 A , Ime of thallium 
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Pig 20 5 Comparison of vectors used to explain gross and hjperfine structures 


gross and hyperfine structures suggests a far-reachmg analogy, 
which IS summarised and extended m Fig 20 5, so as to suggest 
rules for the Zeeman and Paschen-Back sphttmg The angular 
momenta are given m umts fe/27r and the magnetic moments in 
Bohr magnetons ^ ^ 

27r 2m^c 
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That the interval rule is valid shows that if the interaction 
energy of I and J is E, then 

Ejch = AIJoo^{U) 

(20 1) 

The separation of the two levels F and ( — 1) is then 
\A {F{F + l)^{F^l)F]^AF, 

so that successive intervals m a multiplet term are proportional 
to the greater of the adjacent quantum numbers 

Hyperfine multiplets usually obey the interval rule so well that 
exceptions attract an attention, which similarly deviatmg gross 
multiplets never obtam These irregularities are to-day recognised 
as arismg from at least two distinct causes, perturbation and 
absence of spherical symmetry in the electric field of the nucleus 
As perturbation, however, produces also abnormal isotope 
displacements, and isotope displacements have not yet been 
considered, these niegularities are better postponed to a later 
section 

4 Zeeman and Paschen-Back effects 

In work on the sphttmg of hnes in the magnetic field, theory 
has long travelled ahead of experiment, so consider what sphttmg 
the vector model predicts * 

In a weak field J and I combme to form F, and the projection 
of F on the magnetic axis H is quantised Accordmg to the theory 
of the Zeeman effect, the mcrement of energy wiU be AJ5, where 

LElch=M^g{F)o^ (20 2 ) 

IS here an abbreviation for the Lorentz umt 

= lO-sfTcm-i, 

47rmgC2 

H bemg measured in gauss, while is restricted by the 
condition F^M^-^-F 

This energy equation gives the displacement of a level from the 
position it occupies when the magnetic field is zero, to obtam the 

* Goudsimt and Bacher, ZP, 1930, 66 13 
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displacement from the centroid a second term must be added so 
that the energy becomes 
Eloh=^\A 

(20 3) 

A IS here the hyperfine mterval quotient 

In an earher chapter g{J) was derived on the assumption that 
if two vectors X and Y combme to form a third vector Z, then 

Sr (Z) = flr (Z) I cos (XZ) + ^ { 7) I cos ( YZ), 


this expression being itself derived from the wave mechamcs 
Now F = J + 1, so that 


g(F)=g{J)j 0 os (JF) + g{I )^ cos (IF) . 


(20 4) 


The magmtude of the hyperfine sphtting itself and the theory of 
its cause both suggest that g (I) wdl be very small, about 1/2000 
say, so that m all fields which can be apphed to the atom g {I) will 
be neghgible, and g {F) may be written as 


giF)=9{J) 


F{F+l)+J(J + l)-I{I + l) 
2F{F + 1) 


(20 5) 


This completes the description of the weak field In a strong 
field J and I are no longer linked together, but process indepen- 
dently round the magnetic axis, so that their projections on the 
magnetic axis have to be quantised separately As in the theory 
of the Paschen-Back effect, so here 

Elch=AM,Mj+Mjg(J)o^, . (20 6) 

where g (I) has been treated as neghgibly small 

This simple theory should give good agreement in fields so 
weak that -eA, and m fields so strong that A, but in 
intermediate fields resort must be had to the quantum mechamcs 
Moreover, m aU fields the quantum mechamcs should give more 
accurate numencal values 

A complex theory such as this is most satisfactorily tested, if 
apphed, first to a transition producmg a simple pattern, and 
afterwards to patterns of growmg complexity Accordingly, 
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Green and Wulff first exanuned the 3092 A line of Tin, which 
arises from 6s 7s%->-6s 6piPi,* and then turned to more 
complex lines m thalhum and bismuth f They worked with the 
first and second spark spectra, because hyperfine mtervals are 
there larger than m the arc, and they exammed each Iitia jxi three 


No field Weak, field Strong field 



Fig 20 6 Level diagram showing the sphtting of the 3092 A , ^Sq-s-^Pi, Ime of 
T1 n m weak and strong magnetic fields The displacements shown are calcu- 
lated from the vector model 

fields In these heavy elements, the Doppler effect does not pro- 
duce so wide a hne as when the atom is hght, moreover, thallium 
and bismuth provide a convement contrast, for their nuclear 
moments are J and 4 J respectively, so that in a strong field the 
thalhum hues spht to two components while the bismuth spht 
to ten 

Consider then the 3092 A hne of T1 n, of the two terms, and 

* Green and Wulff, 1931, 71 693 
t Green and Wulff, PP, 1931, 88 2176, 2186 
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^Pi (Fig 20 6), &oni which it arises, the first does not spht but the 
second has a hyperfine interval of — 0 96 cm so that the 
interval quotient -4 is —0 64 cm while in the weakest field 
used, namely 14,700 gauss, the Lorentz umt is 0 69 cm In 
this field then is not ‘much smaller ’ than Av and the sphttmg 
is hkely to be characteristic of an mtermediate rather than of a 
weak field, but in fact the simple Zeeman theory does give good 
quahtative agreement For the F=l^ and J components of the 
term g{F) works out at f and ^ respectively, so that the 
patterns predicted are ± (1) 1 3/3 and ± (2) 2/3, while the dis- 
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Fig 20 7 Displacements of the term of T1 n in weak and strong magnetic 
fields 


placements calculated by equation (20 3) work out as 0 37, 
~0 09, —0 65 and — 1 01 for F= 1^, and 1 10 and 0 18 for F=^ 
Fig 20 7 shows how these calculations compare with the more 
accurate predictions of the quantum mechamcs 

In contrast a field of 43,350 gauss produces a Lorentz umt of 
2 02 cm so that sphttmg characteristic of a strong field is to be 
expected In fact theory shows that the 3092 A hne sphts to six 
components, whose displacements are ± (0 32), 0 32, 1 51, 2 15 
The pattern thus consists of three pairs of hnes, one at the cen- 
troid of the hyperfine doublet and the other two arranged sym- 
metrically on either side, and m general terms this is what 
experiment reveals, though the numerical agreement is not 
close 

Better numencal agreement is, however, obtamed if the more 
precise theory of the wave mechamcs is substituted for the 
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1"02S inaioad of 1 hhk'O th« roupling w not |Hm' (LS). hut hIiorb 
Home signs of tho (jjj) ty|K5 so that tin* y fiwt4>r of llu* t4'rni is 
influenced by other terms which he nenr; thi* niini«‘ru'Hl \ nine of 
tho oiirroctiun is otitiuiuHl by the method of iioiist^m * 
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20 m Kit 

Klg, 20*10. Dinplatiamantiiof th<ihy|H»rfintnH»m|Himniti* *»f «in«l *l*| UiyrU 

of TI t In varloua OoldH. The tiiapiiuHimiintN am ynlrtiliiUyt by o({uiitinnii H) of 
tlie quantum maohanim. 

Thus theory inter|)ret« this simple putU'rn with great siiecoss; 
nor is it leas auoceBBful with the more complex |MitU»rnH of Tli. 
Back and Wulfff photographed the 377«A., *Hj line m 

fields of 17,060, 20,700 and 43,35t) gauss. In thtw liehls the 
IjorentK unit assumes the values (}>K0, 1’40 anti 2"OH cm. *, while 

• Houston, PR, l»2«. 88 25)7. 
t Back «.nd WuW. ZP, 1»3<), 66 .’H 
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the hyperfine intervals of the and terms are 0 40 and 0 71 
respectively, so that all three fields are techmcaUy ‘strong’ The 
magnetic field and nuclear moment would thus separately spht 
each term m two, the Zeeman components bemg determined by 
= ± 15116 h3rperfine components by Jlfj = + 1 Accordmg 

to the wave mechamcs the displacements of these four levels 
from the centroid are given by the equations 
Mj= \ M,= \ M^= 1 Elch=Al4.+igo^ 

i -i 0 = -A/i + ^VA^+g^Ojn^ 

h 0 =-Al4:-^VA^+g^oJ 

-i -i -1 (20 8) 

and shown graphically m Fig 20 10 As previously g is here an 
abbreviation for g{J) 

No field Weak field Strong field 


5 Kg Mj Ml 40 Kg 




Tt 

(7 


Ji 


n 


Icm’ 

Fig 20 1 1 Level diagram to show the structure of the 377 6 A , , hne of 

T1 1 m weak and strong magnetic fields The diagram assumes that the laws of 
the vector model are valid 
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When the four levels of each gross term combine, they would 
give nse to six tt and eight a components in a weak field, but in a 
strong field two tt and four a components fade, for in a strong field 
transitions m which Mj changes its value are no longer allowed 
(Fig 20 11) The empirical displacements are compared with this 
theory m Fig 20 12, the centroid of the empirical pattern being 
adjusted so that the Ime of lowest frequency has the value 
dictated by theory The empirical intensities are estimated, not 
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Fig 20 12 Splitting of the 3776 A line of T1 1 compared with the predictions of 
the quantum mechanics m two magnetic fields 


measured To prove that the vector model gives a reasonable 
approximation to these results is left to the reader 

In bismuth the theory is of course unchanged, but one hne may 
be cited to show how the nuclear moment was first determined by 
the use of a magnetic field * The 4722 A Ime arises from the 
1 tr an si t ion, so that m the absence of hyperfine structure 

it should spht to two tt and four cr components When the hne was 
examined m a field of 43,340 gauss, these components were found, 

* Back and Goudsmit, ZP, 1928, 47 174 Zeeman, Back and Gcudsmit, ZP, 
1930, 66 1. 
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all 'were exceptionally vide, and four were clearly resol-ved 
"ten components (Fig. 20 13) Now the energy of a magnetic 
IS = aM,M, + Mjg{J) o^, 

V Jx^3ce the second term determines the gross Zeeman level and the 
term its hyperfine structure, as Mj can assume (2/+!) 



J'ig' . 20 13 Empirical structure of the 4722 A , j , Im© of Bi i m a strong 

(After Back and G-oudsmit, ZP, 1928, 47 179 ) 

V^laxes, each gross term will have (2/ H- 1) components (Fig 20 14) 
IVloreover, as Mj- is not allowed to change m a transition the gross 
2 e Oman hues will also spht to (2J + 1) components, the mterval 
h^xxxgA'M/—A"M/ (Fig 20 15) Thus, if in fact the lines split to 
ton components the nuclear moment must he 4^ And it is of some 
xi 3 .t>erest to note that the value of the mterval was also confirmed, 
tlxes hypeifine interval quotients of the and 1^ terms are 
kLxxov^^n to be —0 0403 and 0 166 cm respectively, so that the 
m-fcexval of the tt components should be 

A'Mj' - A^'M/ = - 0 0403 ( - J) - 0 166 ( - ^) 

= 0 1031 cm 

a-XLci of the outer o- components 

-00403x^-0 166(-^) 

= 0 0628 cm 

o w the width of the tt components was measured as 0 880 cm 
so “that the interval between successive components must be 
O- S80/9 or 0 0977 cm The width of the outer a components is 
O*S20 cm and the interval accordmgly 0 0577 cm."^ Both are 
m satisfactory agreement with theory 

In Figs 20 16-17 evidence is presented for two still more com- 
plex: hnes, 2298 A , 2 of Tin and 5719 A , of 



No magnetic field Strong magnetic field 

(22,000 s) 


No 'With No , yith 

byperfine structure hyperfine structure hyperfine structure nypernne structure 




Ibg 20 14 Structure of the 1^ and levels, which produce the 4722 A line 
of Bi I The laws of the vector model are assumed, and the field strength has 
been reduced to half that actually used to keep the figure withm reasonable 
limits, the g factors are abnormal bemg 1 225 and 2 088 m the two terms 
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Bi II,* m each figure the photometer curve appears above and the 
theoretical pattern below, and m both the agreement is all that 
can be desired 



Fig 20 15 Level diagram to show the hyperfine structure of one gross a com- 
ponent of the 4722 A Ime of Bi i 

5. Intensities 

No absolute measurements of intensity seem to have been 
made, but the photometric curves obtamed by Zeeman, Back and 
Goudsmit m 1930 showed that the mtensity formulae deduced 
from the wave mechamcs are quahtatively correct, while more 
recently these rules have been so widely apphed to the analysis of 
the complex structures described m the next section and the 
results have been so satisfactory, that few serious deviations can 
exist 

* Green and Wulff, PB, 1931, 38 2182, 2186 
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In order that the hyperfine components of a Ime may be 
observed with their theoretical intensities, however, the exciting 
source must fulfil certam conditions Thus the temperature of the 
source must be as low as possible so as to reduce the Doppler 
broademng of the hnes, the source is therefore worked m hquid 
air or hqmd hydrogen And secondly, the vapour pressure of the 



<'1 




Fig 20 17a Splitting of the 5719 A line of Bi n m a magnetic field of 14,700 
gauss, again the photometer curve is above and theory below The Ime arises as 
6p 7p 3Po->6p 7s 3Pi (After Green and WulfE, PR, 1931, 38 2186 ) 

element in the source must be kept low, for high pressure leads 
to self-absorption, besides hyperfine mtensities seem m some way 
disturbed by mter-atomic fields, though why they should be is 
not yet clear * 

The intensity formulae, deduced from the wave mechamcs by 
HiU,i correspond to the multiplet intensity formulae with the 
transformation (I^ig 20 5) already used in the interval rule 

* Schuler and Keyston, ZP, 1931, 71 413 
f HiU, Nat Acad 8c% , Proc 1929, 15 779 
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In the jump J-> ( J — 1) and 

I.=jP{F) P{F-1), 
(2F+1) 


F^{F-l) 

/_= 

F^F 

h = 

1 

1 — « 

T 

h= 

while in the jump J 

J, and 

F^F 

Io = 

F^(F-1) 
or {F—1)-^F 

I± = 


1 


(2J'+1) 
F{F + 1) 

^ ir» / ■1:1V 


R^{F), 


where 


P(^F) = {F + J)iF + J+l)-I(I+l), 

Q{F) = I{I + 1)-{F-J){F-J+1), 

B{F)=‘F{F + 1) + J{J + 1)-I{I + 1) 

In all these formiilae the transitions are so chosen that J and F 
are the larger of the two quantum numbers mvolved Moreover, 
a term containing only J and I has been dropped since in fact 
the formulae are apphed to the components of a single gross 
line 

The Zeeman intensity formulae may be transformed m the 
same way and compared with the visual estimates of Back and 
Wulff * 

6. Isotope displacement 

The vector model, based on the hypothesis of nuclear spm, 
solves many of the problems of hyperfine structure, but there is 
clear evidence that when several isotopes exist, the vector model 
does not suffice 

Consider, for example, the Tli hne, 5361A ,t which anses as 
7s 6p work on the 3776 A hne of T1 has already been 
adduced to show that the nuclear moment of T1 is so that the 
6361 A hne might be expected to spht to three components with 
an intensity ratio of 5 2 las shown m Fig 20 18, but in fact the 

* Back and WulfE, ZP, 1930, 66 31 
j- Scliuler and Keyston, ZP, 1931, 70 1 
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line splits to four components, and these have intensities roughly 
in thQ ratio of 6 9 3 2 3 1, that is two pans with an intensity 
ratio of 3 1 , now the three hues of theory can be reduced to two 
with an intensity ratio of 3 1 if the two components of the 
term are not resolved Accordingly, the empirical facts can be 
explained if there are two isotopes of T1 with an abundance ratio 
of 2 3 1, and if the term schemes of these two isotopes aie dis- 
placed shghtly relative to one another, m short that is if the term 


Term F 



Fig 20 18 Structure of a normal bne 

scheme of Fig 20 19 is postulated In this diagram the energy of 
the term is supposed the same in both isotopes, though in fact 
only the displacements of the one term relative to the other can 
be measured, experiment then shows that the ^P^j term is dis- 
placed through 55 X in one of the isotopes 203 and 206 The 
existence of the isotopes 203 and 206 m the abundance ratio of 
12 3 has been confirmed by the analysis of many T1 n hnes, while 
more recently Aston* has found a ratio of 1 2 40 

Isotopes have been observed displaced m the hnes of many 
elements, but of all mercury is the most complex, for it consists of 

♦ Aston, PBS, 1932, 134 571. 
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SIX isotopes,* of these the four of even atomic weight have zero 
moment, but the two odd isotopes have different nuclear mo- 
ments, namely I and 1|, and to make confusion worse con- 
founded the terms of one are inverted 

To illustrate the methods by which such a comphcated hne 


Term F Isotope 205 Isotope 203 



Fig 20 19 Structure of the 6361 A , hue of Tl i (After Schuler and 

Keyston, ZP, 1931, 70 3 ) 

structure can be analysed, consider two mercury arc lines, 2536 
and 4078 A ,'l which arise as 2 ^Pi-> 1 ^So and 2 2 these 
hnes are in fact particularly simple, for m one term J is zero 
In the analyses described heretofore, three cntena have been 
used first, the picking of a common hyperfine mterval from hnes 
with a common gross stiucture level, second, the mterval rule, 
and third the intensity lules Of these the first two suffice for the 

* BiCoent work has rovoaled more than six isotopes, hut in work on hyperhne 
structure only those piosont m a proportion of more than 1 per cent need 
usually be considered 

1 Schulei and Keyston, ZP, 1931, 72 423 
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analysis, wlien the structure is simple, but the last is the most 
valuable when the structure is complex That the method has 
been so successful is peihaps the best evidence of the wide vahdity 
of the intensity formulae 

To obtain the theoretical intensities of the components of a hne, 
the mtensity ratios of the components due to a single isotope must 
first be calculated, and these must then he weighted with the 



latensity 23 11 046 69 9 68 55 

a A b c B 



Displjuiemeirt -449 - 269-192 0 273 464 

V 

Pig. 20 20 Structure of the 4078 A , 2 ^So->-2 Imo of Hg i The displace- 
ments are giveu m 10“® cm.“^ (After Schuler and Keyston, ZP, 1931, 72 
428 ) 

isotope abundance Thus the even isotopes produce only one 
component each, hut the isotopes 199 and 201, havmg nuclear 
moments of | and 1^, produce two and three components respec- 
tively These are shown as^, -B and a, 6, c m Tigs 20 20-21, and 
the theoretical mtensity ratios are calculated as 2 1 and 12 3 
But the mass spectrograph has shown that mercury contains 
16-44 per cent of isotope 199, so that the absolute intensity of the 
A component should be | of 16 44 or 10 96, and similarly smce 
isotope 201 occurs to the extent of 13 68 per cent , the hne h 
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should be of absolute intensity J of 13 68 or 4 56 The intensities 
calculated in this way are summarised m Fig 20 22 



204 A a 202 200 6^8 B c 

Intensity 29 3 23 8 

Displacement -333 -178 0 132,161 394 

Tig 20 21 Structure of the 2536 A , 2 ®Pi->l ^Sq, bne of Eg i The displace- 
ments are agam in 10“® cm (After Schuler and Keyston, ZP, 1931, 72 434 ) 


Isotope 

Abimdance 

ratio 

Component 

Relative 

intensity 

Absolute 

intensity 

199 

16 44 

A 

2 

10 96 
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1 
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201 

13 68 
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2 28 



h 
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4 56 
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6 84 

198 

9 89 

No hyperfir 

le structure 

9 89 

200 

23 77 



23 77 

202 

29 27 



29 27 

204 

6 86 



6 86 


99 90 



99 90 


Fig 20 22 Intensities m a or ^Sq-^-^Pi hue of Hg i 


With these predictions in mmd, the analysis of the structures 
shown in Figs 20 20 and 21 presents no great difficulty, provided 
one understands that components separated by Ibss than 
0 030 cm aie not resolved 

This somewhat complicated analysis of the 2536 A. hne has 
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been beautifully confirmed by Mrozowski,* who has shown that 
when separately excited the various isotopes behave hke a mix- 
ture of independent gases If hght from a mercury arc is sent 
through mercury vapour in a magnetic field, various hyperfine 
components can be fiOLtered out By varying the field strength 
Mrozowski m this way isolated three groups of hnes, (a) the 
394 10“® cm component, (b) the -f 161 and ~ 333 components, 
(c) the 0 0 and —178 components No matter which of these 
groups IS used to excite cold mercury vapour, the resonance 
radiation contains only that group, when only the 4-161 and 

— 333 components are incident, only these two components 
are emitted Thus each hyperfine hne is itself a resonance line and 
there is no fiuorescence 

fluorescence appears, however, when a httle hehum is added 
to the tube,t for the increased pressure means inelastic colhsions 
for the mercury atoms If the cold vapour nuxed with hehum is 
excited by the -h394 hne, the three hnes 4-394, 4-161 and 

— 333 are ermtted, for the 4-394 hne excites both the 199 
and 201 isotopes and these after losing a httle energy in colhding 
with a hehum atom can return to the groimd state while emitting 
the -h 161 or — 333 hne The details are easily followed in Fig 
20 21 On the other hand, irradiate the vapour with the 0 0 and 
— 178 hnes, and only these hnes are emitted, for these hnes 
excite only the 200 and 202 isotopes, and as these have only one 
upper level they must radiate what they absorbed 

The analysis of a single hne (Fig 20 23) does not determine the 
absolute isotope displacements of either term, it determines only 
the displacements of the isotopes in one term relative to their 
displacements in the other, and what is true of the analysis of a 
smgle hne is true of the analysis of any number of Imes, so that 
apparently the absolute displacements can never be determined 
Many hnes, however, which arise between high levels of the 
mercury atom show no hyperfine structure at all, so that all the 
terms concerned must have identical isotope displacements, and 

* Mrozowski, Sci Bull Acad Pol 1930, 464, 1931, 489 The lines with 
displacements of 132 and 161 IQ-s cm m Fig 2021 were not resolved m 
these experiments, they are referred to on this page as the 161 line 

t Mrozowski, ZP, 1932, 78 826 
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this IS extremely improbable unless the displacements of all are 
zero In support of this thesis, theory and experiment show that 
isotope displacements must and do decrease, as the chief quantum 
number increases (Figs 20 24-26) 

The hyperfine levels thus obtained may be simphfied by sub- 
stitutmg for the odd components a single level at the centroid of 
the isotope, and when this is done an mterestmg regularity 


Red 


202 Violet 


6072 A 
4’P,^2^S, 


6716 A 
4‘P,-^2'So 




Pig 20 23 Centroids of the isotopes in three lines of Hg i (After Schuler and 
Keyston, ZP, 1931, 72 423 ) 


emerges, the interval separating each even isotope from its 
neighbour is roughly constant and equal to the interval separatmg 
the odd isotopes, but the odd isotopes are not spaced mid-way 
between the even isotopes, this is clearly shown in Fig 20 23 and 
IS true not only in Hg i, but also in Pb i and Pb n As the isotopes 
are not displaced m the uppei levels of many hues, this property 
may well be demonstrated in a single line 
The relative energies of the isotopes also need to be related to 
their masses, for there has never been any doubt that the sequence 


CASH 


13 
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of the isotopes is the sequence of their masses, nor that m the 
arc and spark spectra of mercury the isotope of lowest atomic 

5d?6s^iap Gsins 6smp Ss md 6s ms 6s mp 6s md 


’P, ’So ’P, ’Dz ’S, *Po ^P, % 



Eig 20 24 Isotope displacements m Hg i The wide splitting of the 8p ^Pi 
term is anomalous (After Kallmann and Schuler, EEN, 1931, 11 166 ) 

weight lies lowest In the hght of recent theory this order seems 
to be general, but several spectra have been a little difficult to 
brmg mto hne, thus the displacements m thaUium seemed to be 
m different directions m the arc and spark spectra, but Breit* has 
* Breit, PB, 1932, 42 348 
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smce shown that this was due to a misinterpretation of certain 
Imes of T1 n and that m fact the isotopes of thallium are arranged 
like the isotopes of mercury, the smallest at the bottom The 



Fig 20 25 Isotope displacements m Hgii (After Ka llmaim and Schuler, 
EEN, 1932, 11 167 ) 

theoretical explanation is mterestmg, isotope displacements are 
due to the increase in the volume of the nucleus resulting on the 
addition of a neutron,* this causes the same charge to occupy a 
larger volume and so reduces the electrostatic energy of the 
system, as the electrostatic energy of a condenser is negative, 


I 


* Schtder and Schmidt, ZP, 1936, 94 463 
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tins means that the terms of the larger isotope he higher than the 
smaller 

Tummg to the quantitative side, the displacement of one 
isotope relative to another seems to be the same for all terms of a 

63® ms 63^ mp 6 s^ md 


'Piy, "Diyz 



Fig 20 26 Isotope displacements m T1 1 (After Kallmann and Schuler, EUN, 
1932, 11 167 ) 

configuration, Fig 20 27 shows this regularity in the 6s^ 6p^ con- 
figuration of Pb I Attempts actually to calculate the displace- 
ment have not yet met with complete success, because large 
corrections have to be made for the screemng of one configuration 
by another, and these cannot be accurately estimated Of partial 
solutions the most important is that produced by Breit,* who has 
* Breit, PR, 1932, 42 34.8 
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related the displacement to the nuclear radius, the latter bemg 
assumed proportional to the cube root of the mass, but there is 
little doubt that other influences contribute * 


204 — ^ ^ ^ ^ 

65 84 ? ? 

206 206 

72 88 90 85 83 

208 208 


Fig 20 27 Isotope displacements m the 6p2 configuration of Pb i 

7 Deviations from the interval rules 

In general hyperfine multiplets obey the mterval rule better 
than gross multiplets, but this very regularity makes exceptions 
the more striking When two gross levels he near one another and 
satisfy certam conditions they perturb one another, one may 
expect the same phenomenon among hyperflne levels, and m fact 
Schuler and Jones | have shown that when m Hgi the fid^Dg 
and 6d^Di levels he at a distance apart comparable with then 
hyperfine intervals, the interval rule is no longer vahd and the 
isotope displacements are anomalous In the Hg^®^ isotope the 
hyperfine mtervals of the Gd^Dg term are 181, 301 and 313 10”^ 
cm numbers which are m the ratio of 3 0 5 0 5 2 mstead of 
in the normal ratio of 3 5 7 Moreover, m these terms the even 
isotopes are all comcident, showmg that there is no isotope dis- 
placement, but the centroids of the odd isotopes instead of 
coincidmg with the even isotopes he farther apart This suggests 
at once that the reason why both intervals and isotope displace- 
ments are abnormal, is that the two terms perturb one another, 
for the characteiistic sign of perturbation is repulsion Among 
gross multiplets two components can perturb one another only 
if they have the same J, and so among hyperfine multiplets we 
may expect components to perturb one another only if they have 
the same F, if this is true the even isotopes will not be displaced, 
for in them I is zero, and the two levels will have different values 

* Breit, PR, 1933, 44 418 a, Bartlett and Gibbons, PR, 1933, 44 538, 
Grace and More, PR, 1934, 45 169 

1 Schuler and Jones, ZP, 1932, 77 801 
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Fig 20 28 Two perturbed terms of mercury In the middle between the two 
uprights IS the observed term system, while to left and right the terms are 
shown in the positions they would occupy if they were not perturbed The 
argument by which the various displacements are obtained is fully given by 
Schuler and Jones, ZP, 1932, 77 806 
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of F, namely 1 and 2 This makes the investigation much simpler 
than the analogous mvestigation of two gross multiplets, for the 
even isotopes provide a fixed scale of reference 

A bird’s eye view of the changes produced by perturbation is 
provided by Fig 20 28, in the 199 isotope system, the levels m 
which F IS perturb one another, while the levels in which F is ^ 
above and 2J below remam undisturbed As the two levels m 
which F IS repel one another, the term has an enlarged and 
the a reduced interval In the isotope 201 on the other hand 
three components wander, for there are levels with F values of 
J, 1 J and 2^ m both gross terms, only the F = 3^ level of the 
term remains undisturbed The repulsion of the levels with F — ^, 
and 2J leads to a great reduction of the 2|-3|^ mterval, and a 
consequent departure from Tandy’s interval rule 

When the interval rule is not obeyed the mteraction between 
the nucleus and the electron shells is no longer proportional to the 
scalar product of the two vectors, and the vector model fails,* * * § 
the quantum mechamcs shows, however, that two states lymg 
close to one another perturb one another and gives a satisfactory 
account of the displacements f 

As perturbation is a phenomenon well known when two gross 
multiplets he close to one another, physicists have naturally 
tried to use it to explam all deviations fiom the interval rule But 
whereas two gross levels may perturb one another when 2000 cm 
apart, two hyperfine levels must lie within a few umts of one 
another, and so it is much less probable that an unknown level 
lies close enough to produce the observed distortion And m fact 
Schuler and Schmidt have shown that some multiplets m Eu^®^, 
Lu^’®§ and Hg^®^!! do not satisfy the mterval rule, and 
that perturbation is an inadequate explanation Instead of the 
displacements of the levels from the centroid bemg proportional 
simply to cos(IJ), a second term proportional to cos2(IJ) 

* Casimir, ZP, 1932, 77 811 

f Goudsmit and Bachor, ZP, 1933, 43 894 

I Sohuler and Schmidt, ZP, 1936, 94 467 

§ Schuler and Schmidt, ZP, 1936, 95 265 

II Schuler and Schmidt, ZP, 1936, 98 239. 
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appears, this second term has a coefficient small compared with 
that of the normal cos (IJ) term, but though the deviations are 
small, they are greater than the experimental error Whether 
this second term affects the extreme mterval is doubtful, its 
obvious result is to make the levels crowd towards the levels of 
large or small F, the one when the term is positive the other when 
it IS negative 

The appearance of a cos^ term means that the interaction of 
the nucleus and electrons cannot be wholly explamed as due to the 
action of a magnetic nuclear dipole on the electrons, the form 
the deviation takes suggests that the new force is electrostatic m 
origm, and is due to a lack of spherical symmetry m the electric 
field of the nucleus * 


8. The spin of the nucleus 

The spm of an atomic nucleus may be obtamed from the hyper- 
fine structure of a hne, from the deflection of an atomic ray in a 
magnetic field and from the altematmg intensities of band 
spectra All three methods have been apphed to sodium, and all 
give the same nuclear spm, and more generally where two methods 
have been used the results are consistent Besides these three 
methods there are others which are permissible m theory, but 
which do not seem to have been used as yet, these are the specific 
heat at low temperaturesf and scattermg J 

An atomic ray can be used only if the resolution is increased by 
mcludmg a magnetic velocity selector, § this consists of an in- 
homogeneous magnetic field, which spreads the beam out into a 
velocity spectrum A movable sht selects a part of the beam 
homogeneous m velocity to about 10 per cent , and this then 
passes through a weak inhomogeneous field of the Stem-Gerlach 
typ>e, thereafter a third magnetic field is used to focus the beam 
on the detector wire This technique has only recently been per- 
fected, but already m Rabi’s hands it has disclosed the spin of 

* The equations for the interaction of such a core with the nucleus have 
been given by Casumr, Phystca, 1935, 2 719 
t Dennison, PBS, 1927, 115 483 
t Sexl, Nw, 1934, 22 205 
§ Rabi and Cohen, PB, 1933, 43 582a 
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potassium and m Stem’s the magnetic moments of the proton 
and deuton,* important quantities which could not have been 
easily measured by other methods When apphed to sodium the 



Fig 20 29 An atomic ray of sodium split mto four components m passmg 
through a magnetic field The high resolution is obtamed by usmg an inhomo- 
geneous magnetic field and a sht to select a beam homogeneous m velocity to 10 
poi cent The figure shows tho pomts obtained m one particular run The peak 
marked A is due to atoms other than those selected (After Rabi and Cohen, 
F/i, 1933, 43 682 ) 

beam splits mto four components as shown in Pig 20 29, the 
spin of sodium is therefore 111* 

In the application of band spectraj* to this purpose, the rela- 
tive intensities of the alternating bands of symmetrical molecules 

* References to particular elements appear m the bibliography of h f s 
1 Broit and Rabi, PB, 1931, 38 2082a, Rabi and Cohen, PB, 1933, 43 682a, 
Rabi, KeUogg and Zacharias, PP, 1934, 46 167, Dickinson, PP, 1934, 46 698 
I Jevons, Band spectra of diatomic molecules, 1932, 140 
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are measured, CP^CP^ is a symmetrical molecule, CP^CP*^ is not, 
there are no altematmg intensities m the bands of unsymmetncal 
molecules The rotational levels of a symmetrical molecule 
divide into two systems, known as symmetrical or (s) and anti- 
symmetrical or (a ) , a level of one system never combines with a 
level of the other, (s) combmes only with (s) and (a) only with (a) 
An (s) Ime dejBLaed by J hes between two {a) lines defined by 
(J— l)and(J + 1), but its intensity IS not a mean of its neighbours, 
the symmetrical hnes are strong and the anti-symmetrical hues 
are weak Theory ascribes this alternating intensity to the nuclear 
spin of the atoms, and shows that if the mtensities are as to 7^ , 
then 

/a_7+l 

I ’ 

or in tabular form 


7= 0 i 1 4 2 3 

3 2 167 15 14 133 

When I is zero, the alternate hnes are missing, so that the 
of the anti-s37mmetrical hnes is qmte definite proof 
that I IS not zero, but as mtensities are not easily measured 
accurately, this method is not well adapted to measurmg large 
nuclear moments, any estimate greater than IJ is certainly 
dubious The method has been apphed to show that the nuclei 
He^, 0^®, and Se®° have no nuclear spin, and to estimate 
the nuclear spm of ten other elements, m the table of values these 
are mdicated by a S 

An exammation of the spins obtamed by hyperfine structure and 
band spectra (Figs 20 30—32) shows that they divide nuclei mto 
two groups, in one of which the mass is odd and m the other even 
Other evidence suggests that nuclei should be further divided 
according as the charge is odd or even When the mass and 
charge are both even, the spm is always zero, this statement is 
supported by measurements on more than 30 nuclei When mass 
IS even and the charge odd, the spm is certainly 1 in and 
of this the altematmg intensities of band spectra leave no doubt, 
m Li® the absence of hyperfine structure has been taken to m- 
dicate zero spm, but a narrow hyperfine structure can easily be 
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missed Nuclei of this type are so unstable that only four ex- 
amples are known When the mass is odd, the spm is always half 
an odd integer, from time to time, zero moment has been ascribed* 
to a nucleus of this type, but in view of the 42 nuclei which con- 
form and the fact that hyperfine structure can always be missed if 
the hnes are too blurred or the resolvmg power too low, they need 
not be further considered, no exception has been estabhshed 
How these regularities are related to be the structure of the 
nucleus can be most profitably considered after the magnetic 
moments have been discussed 


9 The magnetic moment of the nucleus 

The simplest theory of hyperfine structure ascribes a magnetic 
moment to the nucleus, and argues that when this acts upon an 
electron m its orbit, the electromc term sphts If the couphng of 
the nucleus and electron obeys a cosme law, this hypothesis can 
be shown to predict the doublet formulae, the interval rule and 
the usual magnetic splitting * 

In particular the displacement of a particular level from the 
centroid will be given by the formula 
v — vq — AIJ cos(/J) 

where A is the hyperfine interval quotient * When only one 
electron is active A is identical with a, the electromc interval 
quotient, which is determmed by the formula 

g{l) 1 

a = — cm 

+ 0 + 1) 1838 


for a hydrogen-hke orbit, or by 

g(I) 

+ 1)0 0 + 1 ) 1838 


-1 


for a penetrating orbit The latter is considered as composed of 
two parts, an inner in which the electron moves as if under the 
influence of a charge Z^ , and an outer where the effective charge 
IS Za n* IS the effective quantum number In theory these 


* Goudsmit, PB, 1931, 37 663, Fermi and Segrt, ZP, 1933, 82 729 




Element 

Charge 

Mass 

Spin 

Magnetic moments 

H 

1 

2 

1 B 
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Li 

3 

6 


0 7-0 8 

B 

5 

10 



N 

7 

14 

1 B 

^0 2H 


Fig 20 31 Deutomc nuclei with charge odd and mass even For key to letters 
see Fig 20 30 


Element 

Charge 

Mass 

Spin 

Magnetic moments 

Be 

4 

9 




C 

6 

13 



0 

8 

17 




Ne 

10 

21 




Mg 

12 

26 




Si 

14 

29 




s 

16 

33 




Or 

24 

63 




Zn 

30 

67 

liH 



Ge 

32 

73 



Se 

34 

77 




Kr 

36 

83 




Sr 

38 

87 

>li£[ 

-0 86S 


Mo 

42 

95 





97 




Ru 

44 

99 






101 




Pd 

46 

? 




Od 

48 

Ill 


-0 63S, -0 53F, 

-0 67G 



113 

Ib 

-0 63S, -0 53F, 

-0 67G 

Sn 

60 

116 






117 

iH 

-0 96S, -0 89 




119 

iB 

-0 95 8, -0 89 




121 



Te 

62 

123 






125 




Xe 

64 

129 

131 

iB 

liH 

1 

II 

1 + 

1 

Ba 

66 

135 

2ijEf 





137 

21 H 

094S, 106F 


Sm 

62 

? 



Gd 

64 

? 




Dy 

66 

161 





163 




Er 

68 

167 




Yb 

70 

171 






173 




Hf 

72 

9 




W 

74 

183 




Os 

76 

187 






189 




Pt 

78 

196 

iB 



Hg 

80 

199 

iB 

0 65 8, 0 461', 0 66 

G 


201 

liB 

-0 62 8, -061P, 

-0 62G 

Pb 

82 

207 

ill 

0 60 8, 0 67 F. 0 60 

G 



209 





Fig 20 32 Neutronic nuclei with charge even and mass odd For key to letters 
see Fig 20 30 
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eq[uations offer a simple method of determining the magnetic 
sphtting factor g{I), and hence the magnetic moment of the 
nucleus, but in practice a large relativity correction has to be 
_ made before these formulae can be apphed A more general 
formula is thus of greater value 

When several electrons are active the interval q[uotient can be 
shown to have the value tt 


where /l is the magnetic moment of the nucleus, and H is the 
magnetic field produced by the electrons at the nucleus When the 
eigenfunctions of the electrons are known, the field H can be 
calculated, and then the experimental values of the interval 
quotient determine the magnetic moment of the nucleus 
Whether this theory can be considered satisfactory depends on 
how well nuclear moments agree when calculated from different 
terms of the same spectrum, and from different spectra with the 
same nucleus That 20 terms distributed among the first three 
spectra of thahium do all give the same magnetic moment is 
therefore encouragmg 

The magnetic moments thus obtained are summarised in 
Figs 20 30-32 In these figures the nuclear moment is given m 
nuclear magnetons, where 

L6 - _ H'B 

477Mc"1838' 

M IS the mass of the nucleus and is the Bohr magneton 
Of the isotopes of even mass only two magnetic moments are 
known, and m all the other isotopes the mechamcal 
moment is zero, so that there is no hyperfine structure and there- 
fore no evidence An inspection of the table of isotopes of odd 
mass, however, shows a clear division between those of even and 
odd charge, among the former positive and negative moments 
are equally frequent, the latter hemg shown empirically by in- 
verted hyperfine terms, moreover, the moment is always less 

* Goudsmit 1933, 43 636 The precise form the formulae should take 

Ooudsmit, Structure of hne spectra, 1930, 
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than 1 , on the other hand, when the charge is odd, the moment is 
always positive, and with two or three exceptions it is greater 
than 1 * 

Though this last statement certainly indicates a tendency, it 
must not be taken quite at its face value, for there are many 
spectra m which spectroscopists have commonly failed to find any 
structure at all, among these are N i, P ii. Cl n, Ki, K ii, Ag i and 
Cd II Band spectra dispose of the hypothesis that the mechamcal 
moments of these atoms are all zero, nitrogen, phosphorus and 
potassium all spin A second alternative is that the magnetic field 
produced by the electrons at the nucleus is very weak, but as 
some of the atoms possess a penetrating s electron such as usually 
produces wide hyperfine intervals, this explanation is improb- 
able Better is the suggestion that the magnetic moments of these 
nuclei are small, in two elements certainly recent work supports 
this, thus Jones |* has shown that in Cdn, though 12 out of the 13 
hues which he examined have no structure, the thirteenth reveals 
the ground, ^S, term as double and indicates a nuclear magnetic 
moment of 0 625 In Ki too Jackson and KuhnJ have recently 
shown that if sufficient care is taken, the resonance hnes may be 
resolved to a narrow doublet, the hnes were obtained from a dis- 
charge tube contaimng neon at a pressure of a few mm and 
potassium at a pressure of less than one two-thousandth of a mm , 
before entering the spectrograph, the hght passed through a ray 
of potassium atoms travelling at right angles across its path This 
atomic ray passed through a cool tube whose length was twenty 
times its diameter, so that the Doppler width of absorption hnes 
was only 1/20 of that obtained with a random distribution of 
velocities Resolved with a Fabry-Perot 6talon, the hnes ap- 
peared as a doublet with an interval of 0 015 cm 

* The magnetic moments have been tabulated by Fermi and Segr6, ZP 
1933, 82 748, Gk)udsmit, Pi2, 1933, 43 638, Schuler, ZP, 1933, 88 324 Schuler 
gives a critical survey of the data and recalculates the values 

I Jones, Phys Soc Proc 1933, 45 625 

J Jackson and Kuhn, PE8, 1934, 148 335 
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10. The structure of the nucleus 

At the present day the evidence of hyperjSLiie structure sufSlces 
to divide the uuclei into four tj^es, though history relates that 
Aston* recognised these types long before hyperfine structure had 
advanced far enough to be of much service The nuclear type is 
most simply determined by the mass and charge, the crucial 
q[uestion being whether each of these is odd or even (Tig 20 33). 


Nuclear mass 

Even 

Even 

Odd 

Odd 

Nuclear charge 

Even 

Odd 

Even 

Odd 

No of isotopes 
known 

114 

4 

44 

45 

No of nuclear 
moments known 

>30 

3 

12 

30 

Value of 1 

0 

1 or ’ 0 

Half integral 

Half integral 

No of magnetic 
moments mown 

0 

2 

10 

20 

Values and sign 
of 11 

No evidence, 
probably 0 

— 

As often -ve 
as -hve, 
fj.<l 

Always +ve, 
m all but 4, 

fi>] 

Structure of mi- 
cleus suggested 

Core with 
I=fJL=0 

Core + 

1 deuton 

Core + 

1 neutron 

Coie -h 

1 proton 


Fig 20 33 rrequeney of oecurrence of tlie four nuclear types and their pro- 
perties 


When both mass and charge are even, the nuclear moment is 
always zero, nothmg is then known of the magnetic moment, 
though it IS commonly assumed zero This structure is particularly 
stable, Aston’s figures showmg that more than half the known 
isotopes are huilt to this plan 

When the mass is even and the charge is odd, the nucleus is 
usually unstable, though four hght isotopes do occur, the heaviest 
of these is Of the known mechamcal moments, two are of 

magnitude 1 and a third is possibly zero 

When the mass is odd and the charge even, the mechamcal 
moment is half an odd mteger, the magnetic moment is as often 
negative as positive, and is always less than one In terms of the 
number of isotopes known, this uuclear type is less than half as 
stable as the even-even ty^pe 

* Aston, Mass spectra and isotopes, 1933, 175 
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Finally, when the mass and charge are both odd, the mechamcal 
moment is again half an odd mteger, but the magnetic moment is 
always positive and usually greater than 1 This type of nucleus 
IS about as stable as the preceding type Further, of ten of these 
elements, which have two isotopes, mne pairs have the same spm, 
the one exception, rubidium, is exceptional also m bemg radio- 
active When two isotopes are of even charge, they do not obey 
this law * 

These facts are mdependent of any theory of the structure of 
the nucleus, but to proceed further some simphfymg assumptions 
are necessary A very few years ago, the nucleus was supposed 
constructed of protons and electrons,t and there seemed no 
alternative to allotting the proton a spm of ^A/27r and depriving 
the electron of the spin it has outside the nucleus But to-day this 
awkward trick of giving the electron different properties m 
different places can be avoided by introducmg the neutron, and 
supposmg the nucleus built of three bricks only, the proton, the 
neutron and the a-particle The odd-even rule of mechamcal 
moments is then easily explamed if both the proton and neutron 
have a spm of |A// 27 r, while the a-particle has no spm at aU The 
band spectra of and He^ confirm this assignment for they show 
that these nuclei have respectively moments of J and 0, while the 
moment assigned to the neutron is that suggested by the quantum 
mechamcs f Becoming still more defimte, if a nucleus of mass M 
and charge Z is composed of N neutrons, P protons and A 
a-particles, then obviously 

M = 4A + N-vP, 

Z = 2A^P 

As these equations are indeterminate, there are current at the 
present time two simplifying assumptions, the first due to 
JEleisenberg§ eliminates the a-particles altogether and leaves the 

* Hchuler and Schmidt, ZP, 1935, 94 460 

i Bryden, PE, 1931, 38 1989, White, PE, 1931, 38 2073a 

1. Temple, PES, 1934, 146 344 

^ Heisenberg, ZP, 1932, 78 156 This theory has been developed by East- 
man, PE, 1934, 46 1 
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electron, the moment will be gl, where the sphttmg factor g is 
given by the equation 

a = ■^(■^+l) + ^(^ + l)~^(^+l) /7, 

^ 2/(1 + 1 ) 

J(I+l)+s(s+l)-l{l+l) _ 

+ SWi) 

As g (Z) IS the splitting factor of a revolving particle, its value must 
be 1, s^(5) IS assigned the value 4 for reasons already given The 
nuclear moments resulting from this system are shovm in 
Fig 20 34 

The experimental moments do not agree very well with this 
theory, but as no observation can be trusted to less than 10 per 
cent and the calculations of different authors from the same data 
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Fig 20 34 Protonic nuclei Magnetic moments dictated by theory 

show even wider discrepancies, comparison is not easy (Fig 
20 35) The general tendency ofthe magnetic moments to increase 
with the spin is well covered by the theory, while if we concen- 
trate attention on the nuclei with a spin of 1^, the division mto 
seven elements with magnetic moments greater than 2 and three 
elements with moments less than 1 is striking and m accord with 
theory, on the other hand the prediction that for any value of 1 
there can be only two values of /x seems defimtely at variance with 
experiment, the range from sodium with an estimated moment 
of 2 14 to lithium with a moment of 3 29 seems to exceed the 
possible error, moreover, there is no doubt that the two gaUium 
isotopes have different moments Ways of circumventmg this 
dilficulty will, however , be better taken up when the neutromc 
nuclei have been considered 
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Land6* has pictured the neutromc nuclei built to a similar 
plan, the mechanical and magnetic moments of the nucleus are 
due wholly to a single neutron, movmg with angular moment 1 
and inherent spm s round an inert core, the inherent spin is again 


Spin 



Magnetic moment 

Jdiiomcnl; 
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Thcoiy 
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F 

19 

3 ’ 

2 or 0 


A1 

27 

193 



T1 
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147 


H 

Li 

7 

3 29 

3 or 0 60 


Na 

23 

2 14 



K 

39 

0 38 



Cn 

63 

2 74 




65 

2 74 



Ga 

69 

2 14 




71 

2 74 



As 

76 

0 90 



Rb 

87 

3 06 



Au 

197 

0 23 



Bb 

86 

149 

4 01 1 43 


Sb 

121 

2 70 


3i 

Sb 

123 

2 10 

5 or 2 33 


Os 

133 

2 91 



In 

116 

6 26 

6 01 3 27 


Bi 

209 

3 60 



Fig 20 36 Protonic nuclei Observed magnetic moments compaied with 
theory 

^A/ 27 r, but the magnetic sphttmg factors are different, an un- 
charged particle will create no magnetic field in its motion so that 
g (1) will be zero, and the nuclear sphttmg factor g will be simply 

_ J (J+ l)+g(^ +!) — ?(? + 1) / X 
2/(1 H-l) 

That the magnetic moment of a neutromc nucleus is as often 
negative as positive has been taken to mean that the inherent 
magnetic moment of a neutron is negative, but it would appear 
that equal numbers of positive and negative moments appeal 
provided that g (1) is equated to zero, the sign of g {s) is irrelevant 


* Inglis and Land4, PB, 1934, 4(5 842a 
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Thus if ^ (s) IS assigned the value 1, so that the magnetic moment 
of the neutron is ^ a nuclear magneton, the permitted nuclear 
moments are those shown in Fig 20 36, while if g (s) is given the 
value — 1, the numerical values will be unaltered, but the + and 
— signs must be interchanged. 
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rig 20 36 Neutronic nuclei Magnetic moments dictated by theory 

That the nuclear moments thus calculated are rather smaller 
t,lia.u those observed is of no account, for the neutron may easily 
be assigned a larger magnetic moment, but the inequahty of the 
positive and negative values is serious, for experiment suggests 
that positive and negative values occur over the same numerical 
range, mdeed, all observed moments he between + 1 and + 1 or 
between - J and - 1 Clearly these figures are more m conformity 
with the suggestion that the magnetic moment of the neutron 
IS - 0 6 ju. and can set itself parallel or anti-paraUel to the field, 
there bemg no orbital motion Whether the observed moments 
cover too wide a range actually to invahdate this suggestion is 
probably stiU a matter of opmion 

In the hope of obtammg better agreement m both protomc and 
neutromc nuclei, Schuler* has proposed the mtroduction of 
a,n o t bftT vector r, which shall combme with the resultant of 1 and 
s to produce I, while Tamm and Altschuler j" have proposed that 
in some nuclei two neutrons uncouple from the core, and combme 
freely with the external proton or neutron Both authors can 
claim that the magnetic moments thus calculated nowhere clash 
with experiment, but both theories give a choice of values, which 
must be considered rather wide when compared with the paucity 

♦ Schuler, ZP, 1934, 88 323 

•j- Tamm and Altschuler, Oomptea Rmd/us de VAcad de Sci de I’U 8 S B , 
1934, 1 468 
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and inaccuracy of the expenmental figures Inglis and Land6* 
have expressed their preference for the solution of Tamm and 
Altschuler, but where rapid advance is hkely in the next few 
years, a detailed analysis of what is tentative seems hardly 
]ustifi.ed 

Thus the deutomc nuclei alone remam to be considered In 
these the mass is even and the charge odd, so that both a neutron 
and a proton must be added to the core of even mass and even 
charge If these always combme m the same way to form the 
deuton nucleus of heavy hydrogen, nuclei of this type should 
always have the umt spm of the deuton itself, actually has 
this spm, but Li® has always been assumed to have zero spm 
Whereas the spins of and were obtamed from band spectra, 

however, the spm of Li® has been obtamed only from hyperfine 
structure and sigmfies therefore only that if the nucleus has a spm 
moment its magnetic moment is very small Indeed the hnes of 
are also narrow, so that all we know of its magnetic moment 
is that it IS certainly less than 0 2 nuclear magneton Clearly 
band spectra observations which will determme the nuclear 
moments of the two deutomc nuclei La® and are much to be 
desired 


BIBLIOGRAPHY 
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CHAPTER XXI 


QUADRIPOLE RADIATION 
1 Forbidden lines 

The transition producing a normal hne must satisfy two selection 
rules, Laporte’s rule forbids a 3ump from even term to even term 
and from odd to odd, and a second limits the changes m the 
angular momentum of the atom, J On occasion, however, hnes 
appear which violate these rules, in an electric field, for example 
both rules are violated, the phenomena bemg referred to as the 
‘ completion of the multiplet ’ As this has been known for twenty 
years the more recently discovered forbidden hnes have been 
frequently ascribed to an unsuspected electric field, the precise 
conditions under which forbidden hnes appear are therefore 
important 

For this purpose the forbidden hnes may be classified m three 
divisions (I) the alkah D-^S doublets, (2) the green aurora hne 
5577 A and some nebular lines, (3) the mercury hne 
2270 A Of these the last may be disimssed as probably due to the 
interaction between the electrons and the nucleus, the J selection 
rule applying rigidly only to the total angular momentum of the 
atom F * The two other divisions merit fuller discussion 

The D->S hnes of sodium and potassium seem to have been 
studied for the first time in 1922, when Dattat showed that they 
are absorbed by a tube of potassium vapour, the hnes appeared 
at all pressures used from 2 5 up to 46 mm , while the potassium 
bands, which are known to be sensitive to electrostatic fields, did 
not blur until the pressure rose to 30 mm At about the same time 
Foote, Mohler and MeggersJ showed that the D-^S hnes are 
emitted in a space shielded from the apphed electrostatic field, 
even when the field itself is very weak, though the presence of 
ions m the vapour may be an essential condition of the expen- 

* Rayleigh, PBS, 1927, 117 294, Hufi and Houston, PR, 1930, 36 842 

t Datta, PBS, 1922, 101 539 

j: Foote, Mohler and Meggers, PM, 1922, 43 659 
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ment, it seems more probable that the lines are both radiated and 
absorbed m a field-free space Later the hnes were shown to occur 
also in a newly struck arc,* the arc was struck and run until the 
tips of the electrodes were red hot, when caesium carbonate was 
fused on to both electrodes, thereafter whenever the arc was 
struck, the D->S hnes appeared strong for a few seconds and as 
they faded, the ordinary caesium hnes shone forth 

The next forbidden hne to attract attention was the auroral 
hne5577 A ,whichMcLennantexammedand traced toaforbidden 
transition m the Oi spectrum As the spectrum of the mght sky 
does not contam any mtrogen bands, the potential necessary to 
produce the green auroral hne is presumably less than the 115 
volts required to produce the most easily excited of these 
Experiment m the laboratory confirms this hypothesis, in a dis- 
charge tube containmg pure oxygen the 5577 A hne is swamped 
by the band spectrum, but if some neon or argon is introduced so 
that when the total pressure is 3 cm of mercury the partial 
pressure of the oxygen is only 3 mm , the green hne comes out 
strongly, Now the mert gases are known to have a very small 
potential drop throughout the discharge, so that the oxygen hnes 
produced when the mert gas is m large excess will be hmited to 
those of low excitation energy. 

But if the green hne is produced by a potential of less than 115 
electron volts, the energy which has to be given to the oxygen 
atom must be less than 4 4 volts, for oxygen can be dissociated 
mto neutral atoms by hght of wave-length 1750 A correspondmg 
to a dissociation potential of 7 1 volts, and other evidence serves 
to confirm this value The resonance potentials of atomic oxygen 
are, however, 9 11 volts for and 9 48 for so that 

an excitation energy of 4 4 volts can hardly cause the atom to 
emit any hnes of the triplet or quintet systems In fact with only 
this potential available, the terms which can be concerned in the 
production of the 5577 A hne seem to be hmited to the five 
members of the p^ configuration, ^Pg^ o ? ^^2 ^ 

* Shrum, Carter and Fowler, H W , PM, 1927, 3 27. 

t McLennan and Shnim, PBS, 1925, 108 501, McLennan, PBS, 1928, 120 
327 
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Of these low levels and ^So are metastable, and if one of 
them IS the imtial state, the final state must be or one of the 
3P components, but even this leaves seven possible transitions 
To distmgmsh between them McLennan and his co-workers 
examined the longitudinal Zeeman effect, and found the two 
circularly polarised hnes characteristic of a smglet hne, a result 
which seems to reduce the seven alternatives to three, namely 
-> ^© 2 , ^Pq s ^^2 these the last may be rejected 

because in nebular spectra which show the transitions ^^2 1 
occurring strongly, the is always so weak that it has 

so far escaped detection, accordingly if the hne 5577 A hne is 
iD 2 -^®Poj two other Imes should occur even more 

brightly in positions which can be calculated, but in fact these 
hnes do not appear either in the aurora or m oxygen gas excited to 
produce the 5577 A hne A similar argument apphed to 
transition compels us to reject it too, so that the green auroral 
hne may be taken as ^Sq without any reference to the theory 
of quadripole radiation, history shows indeed that this evidence 
was accepted m 1928, though only later was the corner stone 
added in an observation of the transverse Zeeman effect, work 
which will be discussed in a later section 

While McLennan was developing this work on the auroral hne, 
Bowen* showed that eight strong nebular hnes could be ascribed 
to transitions between various metastable states of oxygen and 
nitrogen (Fig 21 1) Whereas stellar spectra contam lines 
characteristic of almost all elements, nebulae emit only a few 
hnes and of these all that have been assigned arise from the six 
elements H, He, 0, 0, N and A, thus of a list of 79 hnes between 
3300 and 7300 A , 57 have been assigned to these elements t The 
hnes due to hydrogen and hehum are of no particular mterest, for 
they are simply the hnes normally produced in the laboratory, 
but of the Imes due to the other elements many are normally 
forbidden 

That hnes forbidden in the laboratory should appear m nebulae 


* Bowen, N, 1927, 120 473 

t Becker and Grotrian, EEN, 1928, 7 56 A iv hues from Boyce, PE, 1935, 
48 401 
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IS not difficult to explain The intensity of a line depends both on 
the transition probabihty and the concentration of atoms m the 
excited state, m nebulae a low probability may be balanced by a 
high concentration, but this is not usually possible in the labora- 


Spectrum 

Wave-length 

Transition 

Allowed 

or 

forbidden 

Oi 

6302 

2p4iD2->2p^ ®Pa 

f 


6364 

2p4iD2->2p^ 3Pi 

f 

0 n 

3726 

2p»^Drt-2p»‘Sn 

f 


3729 

2p3 ^Do*--2p3 

f 


4076 

2p>* 3d *Pi4.-^2p^ 3p 

a 


4416 1 

2p« 3p 2Di*-i.2p^ 38 ap+ 

a 



2p» 3p ^D2*->2p“ 3s 

a 


4649 

2p* 3p *D,*-^2p* 3& *Pa4 

CL 


7326 

2p» 2p->2p“ 

f 

0 ni 

3313 

2p 3p®Si->2p 38 ®Pi 

a 


3342 

2p 3p^S,-^2p 3 s®P2 

a 


3445 

2p 3p®P2-^2p 3p®P2 

a 


3759 ! 

2p 3p®D8-^2p 3B®p2 

a 


4363 

2p2iSo-5-2p2iD2 

f 


4959 

2p2iD2->2p2 »Pi 

f 


5007 

2 p 2 iD 2 -> 2 p 2 8 P 2 

f 

Nn 

5755 

2p*iSo--2p2iD2’ 



6548 

2p2iD2^2p2»Pi 



6584 

2p2iD2-^2p2»P2 


N m 

4097 

3p^Pit-^3s^S* 

a 


4102 

3p aPx-^38 ““Si 

a 


4634 

3d»Di*->-3p*P* 

a 


4641 

ad-Djj-s-Sp^Pi* 

a 

A rv 

4711 

3p»^D,i^3p»‘Sii 

f 


4740 


f 


Fig 21 1 Nebular hues This list is abstracted from one given by Becker 
and Grotnan, BEN, 1928, 7 56, the ongmal gives Imes of hydrogen and 
hebum as well 


tory, because atoms leave the excited state by colhsion This 
general explanation has received mterestmg confirmation m a 
comparison of the relative mtensities of the magnesium bnes 
2852 and 4571 A * The first is the hne 2 1 ^S, which is very 

intense m the arc, the second 2 l iS, which is very weak The 
natural hves of the atoms in these imtial states, calculated by the 


* Frayne, FE, 1929, 34* 590 
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j methods of the quantum meohamcs,* are 3 10-^ and 4 10"® sec 

respectively, so that if the concentration of the atoms in the two 
states are at aU comparable, tbe 2ip bne wdl appear much the 
more mtense In the arc the number of atoms in the 2 state 
IS kept down only by frequent collisions, but if the pressure is 
sufaciently reduced and an mert gas is mtroduced to prevent the 
magnesium atoms diffusing to the walls, the 4571 A line should 
mcrease in mtensity Kinetic theory shows that if the time 
between successive collisions is to be reduced to 10“® sec , the 
vapour pressure must be reduced to 10“^ mm , and in fact the 
vapour pressure of magnesium is of this magmtude at 500° C 
Workmg with an electrodeless discharge at this temperature 
' Prayne found that the 467 1 A Ime was fairly promment and that 

the mtroduction of 10 mm of various inert gases mcreased the 
intensity 60-100 times In agreement with this work the auroral 
linft 6677 A appears only in the presence of an mert gas, and the 
intensity mcreases with increase in the diameter of the tube 
As a general explanation this hypothesis of Bowen’s appears 
satisfactory enough, but recent theory shows that it may be made 
much more precise 

2. Quantum mechanics 

The quantum meohamcs shows that the ordinary spectral hnes 
arise fifom a dipole oscillation and that, usually, this alone is 
important, but mathematically it is only the first term m the 
' senes which anses when the vector potential is developed in 

powers of the atomic radius divided by the wave-length of the 
emitted hght , the second and third terms mdicate quadripole and 
octapole radiation of much lower mtensity Of these the quadri- 
pole oscillation will be shown responsible for the forbidden lines 
' descnbed m the last section , no hne has yet been attnbuted to an 

octapole osciUation 

In agreement with this theory is the low mtensity of the quadri- 
pole hnes Thus expenments m absorption suggest that 12,000 
times as many atoms absorb the 3 1 hnes of K and 

Rb as absorb the hnes, the ratio being roughly the 

* Houston, PBf 1929, 33 297 

I 

i 
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same in the two metals,* while Kasetti,t usmg a more sensitive 
method dependmg on anomalous dispersion, found the intensity 
ratio of the emitted hnes of K to be 1 1 10"®, and as Rasetti 
estimates his accuracy as only 50 per cent this may be considered 
in satisfactory agreement with the theoretical value of 1 5 10"® % 
That the absorption measurements show rather a large error is of 
httle account, for the authors themselves msist that their 
estimate was mtended to be httle more than quahtative 

The selection rules observed in quadripole hnes can be pre- 
dicted from the simple hypothesis that a quadripole hne results 
from two simultaneous dipole transitions, though this rough 
analogy is of course a poor substitute for the rigid argument of 
the quantum mechamcs Thus m a dipole jump the sum of the 
orbital vectors changes always from odd to even or even to 
odd, and accordmgly m a quadripole jump the same quantity 
changes from even to even or odd to odd, m particular a quadri- 
pole hne may be emitted when the jump is between two terms of 
the same configuration Again in a dipole hne 

A J =0 or + 1, 

so that m a quadripole hne we expect 

A J =0 or ± 1 or + 2 

And m fact all known hnes do satisfy this condition 

In practice the quadripole selection rules are not used like the 
dipole rules to predict which hnes will appear, smce so few of the 
hnes allowed have yet been produced, rather do they serve to 
determme whether an observed hne arises from a dipole or a 
quadripole transition, and for this m a field-free space the 
Laporte rule is crucial, if a transition is known to start from one 
term and end m another, then it can be written down at once as 
a dipole or a quadripole But so often one cannot be certain 
whether there is a stray electric field or not, and then the Laporte 
rule cannot be trusted, instead one has to examine the Zeeman 
effect and let it deade 

* Sowerby and Barratt, PBS, 1926, 110 190 
t Rasetti, Accad Lincei, Att%, 1927, 6 64 
% Stevenson, PP8, 1930, 128 591 
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3 Zeeman effect 

In the Zeeman splitting of quadnpole, as of dipole, bnes, the 
term displacements are simple fractions of the Lorentz umt, 

o = so that the change m energy Ai/ of any state may 

be written AEjJic=Mgo^, 

where g has the normal Land6 values given by 

. J(J+\) + 8 ( 8 -¥\)-L{L+\) 

^=1 + 2J(/TI) 

But whereas m a dipole hne the transitions are governed by the 
selection rule A M 4 . 1, 

in quadnpole hues A Jf < 2 

And the polansation rules too are different, as the summary given 
in Big 212 shows , m particular, when the pattern is viewed at an 
gn glft of 45° to the field, components appear which are mvisible 
when the hne of sight is parallel or perpendicular to the field 



Polarisation when viewed 

Tiansition 

Across 

field 

Diagonal 
at 46“ 

Parallel 
to field 

Aif = -2 

a 

1 ell 
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AM=+2 

a 

r ell 

0 

1 circ 

AJlf = -1 

'IT 

or 

AM=+l 

7T 

(T 

r cue 

0 

AM=0 

0 

TT 


ffiig212 Quadripole radiation Transitions permitted m a magnetic field and 

the polarisation of the line produced 

Apphed to a smglet hne, such as the green auroral hne, this 
theory shows that the Zeeman pattern should be that shown m 
Big 21 3, thus when viewed parallel to the field the Zeeman 
pattern of a dipole and a quadnpole hne are identical, a fact which 
explams why McLennan* was able to confirm the identification of 
the 6577 A hne as due to before the quadnpole theory 

was developed, though later Brenchs and CampbeUt showed that 
* McLennan, McLeod and Euedy, PM, 1928, 6 668, Sommer, ZP, 1928, 

51 461 

*1* Frenchs and Campbell, PjR, 1930, 36 1460 
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it arises in a quadripole transition, for McLennan viewed the pat- 
tern along the field axis, while Frenchs and Campbell viewed 
it transversely The latter obtamed a beautiful confirmation of 
theory, findmg two tt components at a distance of one, and two a 
components at a distance of two, Lorentz umts, all four fines 
bemg of equal intensity (Fig 213) 


perpendicular 



parallel 






(c) 45“ 

cr 


^ Om ^ 

Fig 21 3 Zeeman pattern of a quadripole smglet line, when viewed {a) per- 
pendicular, (&) parallel, (c) at 45°, to the field The mtensities are proportional 
to the lengths of the verticals 

A more rigorous because more complex confirmation of theory 
has been obtamed by Segrd and Bakker, who measured both the 
Zeeman and Paschen-Back spfittmg of SD alkali doublets,* and 
contrasted these with the spfittmg of the mercury fine 3680 A , 
this fine arises as Vp^Pg^Op^Pg and is normally forbidden, but 
it appears m an electric field t 

The Zeeman effect of the SD doublet was demonstrated with a 
field of 7500 gauss applied to the potassium fines 
4d2D2^^4s2Sj 4642 27 A ^ 

4d2Dij^4s2Sj 4641 77 A ■ 
with an mterval of 2 325 cm 

* Segre and Bakker, ZP, 1931, 72 724 
t Bakker and Segre, ZP, 1932, 79 655 
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For this doublet the theoretical patterns are 

( 1 ) When observed parallel to the field, 

4 8/6 
1 7/5 

all components being circularly polarised 

(2) When observed transverse to the field, 

(4) (g) lo 14/5 

(1) (7) 11/5 

The figures in brackets measure it components, the other figures 
<7 components 

(3) When observed at an angle of 77/4 to the field, 

2Daj^2g^ (2) 4 8 JO J4/5 
1 (3) 7 11 j 5 

The figures m itahcs are elhptically polarised -with an axis ratio 
of Vi 1 between the o- and it axes The intensities m these 
simple transitions may be obtained from the polarisation rule 
and. the sum rule of Burgei and Dorgelo (Fig 21 4) Fig 21 5 
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^1 


(]iM 
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i 

1 

-J(^) 
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-1 

Id) 
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JFig 214 The displacements and m brackets the mtensities of the Zeeman com- 
ponents of a D-->-S doublet 

shows that the experimental lesults are m complete agreement 

with theory i ci ' j 

The Zeeman effect thus satisfactorily confirmed, Segre and 

Bakker changed from potassium to sodium, m which the two 
hues he so close together that they were not resolvedm the instru- 
ment used The pattern should then be (1) 2/1, when observed 
transverse to the field Expenment confirmed this Paschen- 
Back effect (Fig 21 6) though the photographs are somewhat 



(6) (c) 

!Fig 21 5 The 4642-^1 A , D->S, doublet of potassium In each figure the 
photometer curve appears above and the theoretical splittmg below The in- 
tensity scale IS arbitrary, but the same m all figures The Ime is on the 

left, and the Ime on the right At the foot the scale is shown by two 

hnes of length 0 1 A and 1 cm The three figures show respectively (a) the 
doublet m the absence of a magnetic field, (&) the a components viewed per- 
pendicular to a field of 7500 gauss, and (c) the tt components viewed from the 
same direction (After Segre and Bakker, ZP, 1931, 72 728 ) 
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distorted by the appearance of bands due to the sodium molecule , 
but if the intensities observed m the absence of a field are com- 
pared with those obtamed with a field, the hnes can be dis- 
tinguished Not contentwiththesesuccessestheauthorsmeasured 



(a) (6) (c) 

Fig 21 6 Pasohen-Baok effect in the 3427 A line of sodium 

Figure a is taken in the absence of a magnetic field, h and c m a field of 16,100 
gauss , 6 sho-wB the a components viewed perpendicular to the field, c the tt com- 
ponents vievred in the same direction The appearance of the Nag bands con- 
fuses the pictures a little, but it is the changes which occur between a on the one 
hand and 6 and c on the other which are of importance (After Segre and 
Bakker, ZP, 1931, 72 731 ) 

the potassium doublet m an ‘intermediate field the sphtting and 
intensity havmg been calculated by Milhanzuk* with the help of 
Darwin’s work on the gross Paschen-Back effect A field of 
17,800 gauss was used giving the ratio o^/Av a value of 0 35, and 
again satisfactory agreement was obtained 

Fmally Segr6 and Bakkerf exammed the 7p -> 6p ®P 2 ° line 

of mercury in order to show that it arises, not as a q^uadnpole 
transition, but as a dipole conditioned by the electric field The 
quantum mechamcs makes this probable, for a lOugh calculation 
shows that the quadripole term m the radiation of a forbidden 
line IS usuaUy larger than the dipole produced by an electee field, 
but this is not true when a state with which both levels may com- 

* Mihanozuk, ZP 9 1932, 74 826. 
t Segr^ and Bakker, ZP, 1932, 79 666. 
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bine lies close to one of them,* and m mercury the terih 

hes at a distance of only 188 cm from the 6d ^©2 term 

An electric field modifies the ordmary selection rule, when the 
pattern is viewed transverse to the magnetic field, tt components 


M 

-2 

-1 

0 

1 

2 

Mg of 7p sPg 

-3 

-H 

0 

li 

3 

Mg of 6p “Pj 

-3 

-li 

0 


3 

Pattern if a dipole 

(0) (3) 0 3 6/2 

Pattern if a quadripole 

(3) 6/2 


Eig 21 7 Theoretical Zeeman pattern of the 3680 A , 7p ®P 2 -> 6 p ^p 2 , Ime of 
Hg I, when viewed perpendicular to the magnetic field, li it arises as (a) a dipole 
transition conditioned by an electric field, ( 6 ) a quadripole transition 


7T 


11 1 

38 

er 


1 

14 7 

^1 

9 


Fig 21 8 Theoretical intensities of the Zeeman components of the 3680 A Ime 
of Hg I, if it arises as a dipole m an electric field The Ime is viewed transverse 
to the field (After Segr^ and Bakker, ZP, 1932, 79 655 ) 

arise from transitions in which AM is 0 or ±1 and cr components 
when AM is 0, ± 1 or ± 2, so that the pattern should be 
(0) (3) 0 3 6/2 (Fig 21 7) and mtensity calculations show that 
of these components the undisplaced hne is far the strongest 
(Fig 21 8) In contrast the selection rules of a quadripole line 
allow 7T components to arise only when AM is ± 1 and a com- 
ponents only when AM is ± 2, so that the pattern predicted is 
(3) 6/2 The photometer curve reveals simply a strong central 
Ime, but as there seems no doubt that the resolving power was 
sufficient to have separated the side components of a quadripole 
hne, this may be taken as proof that the transition is a dipole. 

* Huff and Houston, PR, 1930, 36 842. 
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4 Intensities 

Theory has been able to predict the intensities of normal 
quadripole multiplets,* but very httle has been confirmed by 
experiment In part this is due to the difficulty of producmg 
quadripole hnes m the laboratory, and in part to the restriction 
of theory to multiplets arising from Russell-Saunders couphng, a 
restriction which imphes the exclusion of all mter-system hnes, 
no general theory of the latter has yet been developed, so that the 
intensity of each separate hne has to be calculated 

BIBLIOG-RAPHY 
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CHAPTER XXII 

FLUORESCENT CRYSTALS 
1 The energy levels of crystals 

Though the energy levels of many gases and vapours are now well 
known, the energy levels of sohds are the hills of an unexplored 
land, for only two routes have yet led to quantitative results, and 
both of these are of limited value X-ray levels do change from 
one chemical compound to another,* but as 15,000 calories corre- 
spond to a shift of between 0 1 and 0 01 X unit or 10"^ of the 
energy mvolved, the measurements have to be very accurate 
The light scattered m the Raman efEect,t on the other hand, is 
accurate enough, but it reveals only certam energy states out of 
the many which exist 

A third route runs through the absorption and fluorescent 
spectra of crystals, though as yet this has given hardly any 
quantitative results At room temperature the hnes are blurred 
by the agitation of the molecules, for the levels of one ion are spht 
by the electnc field of the ions which surround it, but the hnes 
sharpen as the temperature is reduced Much valuable work has 
been done in hquid air, but Spedding and his co-workers in 
Cahfomia are rapidly making this of httle more than historic 
mterest by their work m hquid hydrogen 

Many absorption hnes are of course due to molecular vibra- 
tions, but m the last five years evidence has accumulated to show 
that in the rare earths and the phosphors of chromium at least, 
many hnes arise as electromc transitions within the atom This 
evidence is both simpler and more conclusive m chromium 

2. Fluorescence and phosphorescence 

When a solution of chlorophyll is illuminated with a beam of 
violet or ultra-violet hght, a green band can be seen from all 

* Siegbahn, Spektroakopie d&r BoTUgmstrahlen, 1931, 278 
t Kohlranscli, Der SimkaUMaman-Effekty 1931 Pk^zek, Rayleigh Streuung 
und Rarmn-Effekty 1934 Symposium at Faraday Congress by Raman, Wood, 
Cabannes and others, Trans Ear Soc 1929, 25 781 Dadieu and Kohlrausch, 
“Raman effect m orgamc chemistry”, JOS A, 1931, 21 286 
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sides, this IS an example of fluorescence Again, in time past 
luminous paints consisted of impure barium sulphide, if first 
exposed to sunhght, this remains visible in the dark for some 
hours, it IS said to phosphoresce Fluorescence is distinguished 
from phosphorescence by the persistence of the latter after the 
exciting rays have been extmgmshed To-day, however, this 
distinction does not seem of great importance, it is probably 
related to the fact that only solids phosphoresce, though sohds, 
liquids and gases may all fluoresce 

In general fluorescence and phosphorescence may both be 
excited by cathode lays and X-rays as well as by hght When 
hght IS used, however, the wave-length of the exciting beam must 
be shelter than the wave-length of the light emitted, this law, 
discovered in 1853 by Sir George Stokes,* is simply explained by 
the quantum theoiy , energy may be lost between absorption and 
emission, it cannot be gained This must not be taken to mean, 
however, that all wave-lengths shorter than those emitted are 
equally effective, on the contiary, a fluorescent solution or crystal 
absorbs only certain bands, and these are characteristic of the 
substance The emission spectrum too is typically independent of 
the exciting source 

Many organic substances, such as qmmne sulphate and eosin, 
fluoiesce, but in these the cause is undoubtedly molecular Of 
moie interest heie are the solid phosphois, a gioup of substances 
which aie conveniently divided under five heads the phosphors 
of chromium, the phosphois of the rare earths, the uranyl salts, 
the Lenard phosphois and the platmo-eyamdes The phos- 
]Dhorescence of the first two has recently been shown to origmate 
witlnn the atom, and the evidence deserves detailed considera- 
tion The phosphorescence of the other three may be atomic in 
oiigin, but no evidence is yet forthcoming, accordingly they aie 
treated much more biiefly 

3 Chromium phosphors 

Many naturally occuriing stones, such as the ruby, sapphire, 
red spinell, alexandrite and topaz, emit a red fluorescence This 

* Stokos, Roy Soc , Phil Trans , 1853, 142 463, 1853, 143 385 
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speetrum was thoroughly studied at a time when a ruby was sup- 
posed to consist of almost pure alumimum oxide, the odd 1 per 
cent of chromium oxide bemg regarded as an ummportant 
impurity Of recent years however the ruby has been imitated m 
the laboratory, and the chromium oxide, though present m such 
a small proportion, has been proved an essential constituent, for 
without it the alumimum oxide is not fluorescent, while with it 
the artificial ruby exhibits a spectrum identical with that of the 
natural stone 

In preparing one of the chromium phosphors m the laboratory 
a few drops of a chromium salt solution are added to the salt of 
some other metal, such as calcium mtrate, and heated twice to a 
temperature of about 1400 ° C The spectrum of this phosphor 
does not depend on the amount of chromium, though it is 
brightest with a few parts per thousand present But the oxide 
must be an mtrusion m the regular lattice of the beddmg, mixed 
crystals of K1A1(S04)2 12H2O and KCr(S04)2 12H2O show no 
phosphorescence, whatever the proportions of chromium and 
aluminium,* moreover, the or some molecule which con- 

tains it such as MgCr204, must be isomorphous with the matenal 
in which it is bedded, for Deutschbem has shown that chromium 
fluoresces in: 

which IS isomorphous with CrgOg, both trigonal 
MgAl204 „ „ MgCr204, „ regular 

ZnGa204 „ „ ZnCrg^^A* » regular 

BeAl204 „ „ BeCr204, „ rhombic 

MgO because it forms mixed crystals withMgCr204 » « regular 

On the other hand, chromium does not fluoresce in 
yAl203 because it is not isomorphous with CrgOa, the one being 
regular and the other tngonal, 

BeO because it forms no mixed cr3^tals with BeCr204 , the former 
bemg hexagonal and the latter rhombic f 

That CrgOg must be isomorphous with the beddmg means 
presumably that the outer electrons must not be much distorted, 

* Beutsclibeia, AP, 1932, 14 713 
t Deutschbem, PZ, 1932, 33 874 
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and in fact the spectrum of the ruby is very sharp and bright, 
for the Cr203 molecule fits easily into the aAl203 lattice On the 
other hand, in Mg2Ti04 when the distortion is greater, the 
spectrum is moie diffuse, moreover, the unaided eye notices that 
the phosphorescent hght is much weaker 
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Fig 22 1 Sjieeti a of some chromium phosphors The Imes showri black are those 
emitted at — 186° C , those shown in ontlme appear m absorption at low tem- 
])ei atiu os, but in emission only at high temperatures Comparison of the spectra 
in Al^O} and (iia 20 j, crystals belongmg to the same system, shows that the 
pi incipal doublet appears in both, but with hvofold gi eater mterval m Ga 203 , 
i\\o two stiongest subsidiary lines are also moie widely separated m GagOg The 
sjioitia 111 the xcgulai crystal system — MgO, MgAl 204 , ZnAl 204 show greater 
syiumotiy and a much smallei doublet mterval, the doublet of MgO bemg still 
uniesolvcd (After Deutschbein, PZ, 1932, 33 876 ) 

Whether the chromium phosphors are excited by cathode rays, 
X-iays 01 ultra-violet light, the spectrum produced is always the 
same, moi cover, the emission spectrum is very hke that produced 
in absorption In both the lines aie easily divided into three 
groups, fust, principal lines, which are intense, sharp and only 
some half-dozen m number, second, subsidiary hues, which are 
woakei and more numerous, and third, bands, which are weak 
and often he near the lattice bands of the pure bedding Plate V 
shows these thiee in the emission spectrum of chromium bedded 
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in almnimuin oxide, at the short ■wave-length end of the spectrum 
hes the pnncipal doublet, which is here some thousand times 
over-exposed Then foUow on the long wave-length side a few 
weaker but very sharp subsidiary hues, while beyond again he 
some difhise bands That this type is general Fig 22 1 sho’ws 
AH -the chrome phosphors have one or two pnncipal hues m the 
red, while several exhibit also a group of three lines in the blue 
(Fig 22 2) Moreover, examination of a senes of alums of the 
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I*ig 22 2 Pnnoipal emission and absorption lines of some chrome phosphors 
compared with the term differences of Cr iv (After Deutschbem, PZ, 1932, 
38 877 ) 

types RCr(S 04)2 and RCr(Se 04)2 12 H 2 O, where B is 

variously K, Rb, T1 and (NH4), shows that m hquid air aJl absorb 
a strong doublet near 6700 A. (Rig 22 3) * Other chronnum com- 
pounds are not of course so regular as these, but most show hne 
absorption f The frequencies of these hnes, and especially of the 
phosphorescent hnes, are comparable with term differences found 
m an analysis of the Criv spectrum, m this the 3d® configuration 
produces a ground term and above it metastable and 
♦ Saner, AP, 1928, 87 197 

t Snow and Rawlins, Comb Phil JSoc Proc 1932, 28 622, Joos and 
Schnetzler, Z Phya Ghem 1933, B, 20 1 A paper on KCr(SOJa ISHgO by 
Speddmg and Nuttmg, J Chem Phya 1934, 2 421, appeared after this section 
was written 
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terms, in the vapour these terms do not combine, but in the 
phosphors the mechamsm is probably not a pure dipole, so that 

6800 6700 6600 6500 6400 A 



6800 67TIOO 6600 6500 6400 A 

Pig 22 3 Absorption curves of RbCr{Se 04)2 I 2 H 2 O at 18, — 78 and —190° C 
Crystal thickness about 4 mm (After Sauer, AP, 1928, 87 219 ) 


the transitions may reasonably be allowed At any late, Fig 22 2 
shows that the frequencies agree so remarkably that the identifica- 
tion can hardly be doubted, the red principal hnes are there 
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shown to anse in the transition and the blue lines in 

-> *F ,* the precise transitions to which the individual hnes are 
to be assigned are not yet clear, but as the doublet of chrome alum 
IS still strong at — 195° and is not fading out, the two highest 
levels of the ground term, ^F 4 j and ^Fg^, lying at 950 and 550 cm 
above ^F^^ , may be reasonably excluded The Boltzmann dis- 
tribution would allow very few atoms in these states at so low 
temperature, and the law so admirably explains the fadmg of 
certain hnes m samarium that it can hardly be m error t 

Lite the prmcipal hnes, the subsidiary do not change greatly 
when the temperature is reduced from 20° to — 196° C , they 
grow rather sharper, and the whole spectrum has its wave-length 
reduced by a few angstroms,^ but they do not otherwise change 
much m position or mtensity They appear both m phosphor- 
escent and absorption spectra, but they occupy very different 
positions in different beddmgs, the positions, however, are 
characteristic of the crystal lattice, not of the amon, mdeed with 
practice the lattice type can be recogmsed from the look of the 
spectrum This would seem to suggest that the subsidiary hnes 
are Stark components produced by the electnc fields of the ions 
in the crystal lattice, but if the atomic states are spht by a strong 
electnc field all components should be Stark components, and it 
is not easy to see why the half-dozen hnes should be so much 
stronger than any others Again, is it mere chance that nearly all 
subsidiary hnes are of shorter wave-length than the prmcipal 
lines ^ One might assume that some CrgOg molecules are lumped 
together, and that these produced different hnes to those spread 
evenly through the bedding of say AlgOg, but if the fields of 
OgOg and AlgOg are different, as is probable, we should expect all 
fields from that characteristic of CrgOg to that characteristic of 
AlgOg, and then the hnes would be diffuse not sharp, accordingly 
one must suppose the CrgOg molecules spread evenly through the 
AlgOg lattice hke currants in a cake The electnc field is then 
effectively that of the AlgOg lattice 

* Deutschbem, ZP, 1932, 83 877 
t Spedding, PR, 1933, 43 143a 
t Deutschbem, AP, 1932, 14 720 
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The bands are considerably more comphcated than either the 
principal or the subsidiary hnes, for they are not the same in 
emission and absorption, and grow more complex if the tempera- 
ture IS raised At low temperatures, however, the emission spec- 
trum consists only of a long wave-length band lying m the red and 
infra-red, while the absorption spectrum consists of a short wave- 
length band lying in the blue If the prmcipal hues, which he 
between these two bands, are unaltered electron transitions, and 
the bands conform to Stokes’s law, these facts are easily ex- 
plained, the absorption bands must he on the high-frequency side 
of the prmcipal hues, and the emission bands on the low-frequency 
side * At room temperature emission still occurs chiefly m the 
red and infra-red, but some diffuse bands appear on the violet 
side of the principal lines , these short-v ave or ‘ anti-Stokes ’ bands 
must be emitted by molecules passing from an excited state to 
one of low energy, so that their intensity should be proportional 
to the number of molecules in the excited state, this number is 
determined by the Boltzmann law and decreases rapidly with 
decrease of temperature Again, in the absorption spectrum there 
appear at room temperature bands of wave-length longer than 
the prmcipal lines, these anti-Stokes absorption bands can be 
explained m the same way as the anti-Stokes emission bands, 
they are due to absorption by molecules which are already m an 
excited state f 

The frequencies of some of the stronger bands are also of 
interest The Raman spectrum of pure ocAlgOg reveals a lattice 
frequency of 417 cm Now in the emission spectrum of a ruby, 
the principal doublet and a strong band he at 14,416 and 
14,006 cm lespectively, thus in the phosphor a band occurs 
with a frequency difference shghtly less than that of pure AlgOg, 
410 instead of 417 cm This relationship is not uncommon in 
the chrome phosphors, and is accounted due to a decrease m the 
lattice frequency caused by the introduction of the chromium 
oxide molecules * 

Dcutschbein, ZP^ 1932, 77 490 

t For the effect of a magnetic field on the Imes of a ruby Du Bois and Ebas, 
AP, 1908, 27 233, 1911, 35 617, Du Bois, PZ, 1912, 13 128. 
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4 Bare earth, phosphors 

As long ago as the eighties of last century Crookes* showed, 
during the course of his pioneer work on high vacua, that when 
rare earth minerals are irradiated with cathode rays, they emit a 
strong phosphorescent spectrum, but his work is only of historic 
interest, because very few of his rare earth preparations were pure 
More recent work shows that salts, which are colourless hke those 
of lanthanum, gadohmum and ytteibium, exhibit no after-glow, 
but the smallest trace of active impurity makes the substance 
phosphorescent, 4 10“® gm of samarium in 1 gm of calcium 
oxide IS sufficient to produce a red after-glow, while the spectrum 
IS brightest if the active earth is present in a proportion of only 
1 per cent , thus the smallest trace of dysprosium m yttrium, or 
of terbium m gadohmum, can easily be detected f 

Naturally occurrmg fluorites too have long been known to 
exhibit blue, yellow and green fluorescence, when excited with 
radium, but httle progress was made until synthetic calcium 
fluoride was used and 1/10 per cent of a rare earth added Then 
it was shown that the blue band appears only when europium is 
present, and the yellow-green band only when ytterbium The 
active agent of the red band has not yet been traced, all other rare 
earths are mactive As europium and ytterbium are the two rare 
earths which most readily become divalent, J and the fluor- 
escence may be excited by heating the activated fluorite m a 
reducing flame, the transition from tri- to divalent form is clearly 
linked with the fluorescence § 

Of all the rare earth phosphors, samarium has been most 
thoroughly studied (Fig 22 4) , as elsewhere the spectrum is much 
the same if excited by ultra-violet hght instead of by cathode rays 
The hues are somewhat sharper than those of the chromium 
phosphors, especially at room temperature, while at low tem- 
peratures even naturally occurrmg fluorspar emits hues which 
are as sharp as the D hnes of a flame poor in sodium || Again lare 

Crookes, Chem Soc J 1889, 55 255 
t Urbam, Chem Rev 1924, 1 167 

5 J antscb and Edemm, Z f anorg uTid allgem Ghemie, 1933, 216 80 
§ Haberlandt, Karbk and Przibram, Akad W%en, Ber 1934, 143 151 

!| Tomaschek, AP, 1927, 84 329, 1047 
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earth compounds need not be isomorphous with the bedding, and 
this can very probably be related to the sharpness of the hnes In 
contrast to the chromium phosphors, however, a phosphorescent 
spectrum of the rare earths is usually much more comphcated than 
the absorption spectrum * This may be ascribed to two causes, 
first absorption hnes all arise m levels less than 500 cm above 
the ground term, but emission hnes may end m much higher 
levels, and second all absorption hnes arise in atomic transitions. 



raj© earth and the smaller the diameter of the alkalme earth atom, the greater 
the displacement (After Tomaschek, PZ, 1932, 33 878 ) 

while some emission hnes arise m the rare earth molecule and 
others m the lattice of the beddmg 

In the rare earth phosphors the vibrations of the beddmg 
lattice are rather slower than those calculated for the pure 
crystal, and this is significant for the rare earth molecules may be 
supposed to act as mert loads If this explanation is correct, the 
change of fi:equency should be greater the larger the rare earth 
and the smaller the bedding molecule, these predictions experi- 

* Spedding, PE, 1933, 43 143a 
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merit confirms The praseodymium ion has a diameter 3 per cent 
greater than the samarium ion, and the change of frequency is 
shghtly greater , barium oxide has a larger diameter than calcium 



Fig 22 6 The two short wave line groups of some samarium phosphors 
arranged by the crystal type of beddmg a is the lattice constant and A-X the 
distance between the electropositive and electronegative centres in the lattice, 
both are in angstroms (After Tomaschek, PZ, 1932, 33 880 ) 


oxide, and the change of frequency produced by bedding sam- 
arium m it is much less (Fig 22 5) * 

Though in their general features the spectra of samarium in 


* Tomaschek, PZ, 1932, 33 878 
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different beddings are similar, a closer examination reveals many 
differences Thus m Fig 22 6 a series of spectra are arranged 
according to their crystal types, the figures alongside being the 
lattice constant a and the distance between the positive and 
negative ions, both in angstroms The crystal type is here 
revealed as an important influence, but in fact this is clearer 
still in the original photographs,* * * § for in them a practised eye 
can recognise the crystal type at a glance f 
With so few principal lines in the samarium emission spectrum, 
one naturally asks whether they may not be interpreted, like the 
prmcipal hnes of the chromium phosphors, as electromc transi- 
tions withm the ion As the spectrum of samanum vapour has 
not been analysed, the way is by no means clear, but the fact that 
the rare earths do not have to be isomorphous with their bedding, 
suggests that the outer electrons can hardly be concerned, rather 
are the transitions likely to occur between different terms of the 
4f”' configuration, the brightest hues ansmg between terms of the 
same multiphcity If transitions between the 4f" and 4f”'”^ 6d 
configurations are responsible for some hnes, as Laporte has 
suggested, they are likely to be much more diffuse than the hnes 
ansmg withm the 4f^ configuration, indeed it is temptmg to 
identify a diffuse spectrum, photographed beside the sharp one 
by Fagerberg m neodymium and by TomaschekJ m samanum, 
with these predicted hnes 

Assuming that the prmcipal hnes anse withm the 4f^ con- 
figuration, their positions can be calculated by the method which 
Goudsmit developed § This method gives the extreme mteirvals 
of the various terms, if the couphng is Russell-Saunders, and the 
individual terms can then be mterpolated with the mterval rule 
The calculations are labonous, but the results are eminently 
satisfactory, especially m praseodymium, whose emission spec- 
trum has been recently measured by Evert |1 The hnes shown m 

* Photographs, AP, 1927 84 Taf ix-xi Gf Z Elect 1930, 36 737 

t Tomaschek, PZ^ 1932, 83 879. 

j Tomaschek, PZ, 1932, 33 882 

§ Goudsmit, PP, 1928, 31 948, and chapter xvm of this book 
II Evert, AP, 1932, 12 144 




PLATE VIII 


1 Fluorescent spectra of samarium bedded m various sulphates at 20 and 
— 160° C At room temperature the Imes are so blurred that the photo- 
graphs do httle more than show that the positions of the multiplets are 
independent of the beddmg, but they sharpen as the temperature is 
reduced The samarium hues are much sharper m La 2 (S 04)3 than m any 
other beddmg, probably because lanthanum like samarium is trivalent 
(After Tomaschek, AP, 1927, 84, Taf X, XI ) 

2 DF qumtet from the iron arc This multiplet arises as 3d® 4s (^P) 4p ®F° 
3d® 4s2 ®D (Lent by Prof H Dingle ) 
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Fig 22 7, taken from left to right, arise in transitions between 
the following values of J 

for 4-6, 3-5, 2-4, 4-5, 3-4, 4-4, 

for 4-5, 4r-4 

Since quadripole transitions are probable, J has been allowed to 
change by two units These predictions are compared with the 
phosphorescent spectrum of the metal plotted above the Ime, and 
the absorption spectrum plotted below 

Besides praseodymium satisfactory agreement is obtained in 
neodymium and erbium, spectra arismg from 3 and (14 — 3) 
electrons respectively In samarium only the terms of highest 
multiphcityhave yet been calculated, for when there are five elec- 
trons the work becomes very heavy, but the ®F->®H transition 
accounts apparently for three strong hnes in the infra-red 

5 Uranyl salts* 

Like the rare earths the uranyl salts are fluorescent in their own 
right, and are not dependent on the crystal in which they happen 
to be embedded, but fluorescence is a property of the uranyl 
radical UO 2 , not of the uranium atom, for salts m which uramum 
IS quadrivalent do not fluoresce On the other hand the absorption 
spectra of all uramum compounds are so similar, that the uranyl 
radical cannot be considered pecuhar in the energy it absorbs, but 
only in re-emitting some of this energy as visible hght 

At room temperature and viewed in a spectroscope of low re- 
solving power, both the fluorescent and absorption spectra of 
uranyl salts consist of bands In the emission spectra some seven 
or eight bands appear in the yellow and red, while in absorption 
a smaller number appear in the green and blue, the emission band 
of shortest wave-length coincides with the longest absorption 
band The emission bands are equally spaced in the scale of 
frequency, the mteival varies a httle from salt to salt, but is 
never far from 830 cm Again, all emission bands show the same 
variation in intensity, but the intensity distribution in absorption 
bands is qmte different (Fig 22 8) 

Prmgsheim, Fluo^escenz und Phosplwrescenz, 1928, 238, Nichols and 
Howes, The fluorescence of the uranyl salts, Carnegie Institute Publication, 
1919, No 298 
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Yig 22 8 Spectra, of uranyl potassram sulphate at 26° C I, the fluorescent 
spectrum showing the intensity increasing towards the blue, II, the absorption 
spectrum showmg the intensity decreasmg towards the blue. The three marked 
with arrows appear m both emission and absorption (After Prmgsheim, 
Fluorescenz und Phosphorescenz, 1928, 241 ) 
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Fig 22 9 Structure of a single fluorescent band of uranyl sulphate The curve 
gives the mtensity at room temperature, the Imes are those observed at — 185° 0 
(After Prmgsheim, Fluorescenz und Phosphorescenz, 1928, 243, and Wick, PR, 
1918, 11 126 ) 
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Fig 22 10 Spectra of uranyl potassium chloride at — 186° C The fluorescent 
Imes are shown above the horizontal, the absorption Imes below The lines are 
polarised parallel and perpendicular to the prmcipal axis of the crystal, the 
ordmary spectrum is shown by full and the extraordinary by dotted Imes. The 
lengths of the hnes mdicate mtensities (After Prmgsheim, Fhiorescenz und 
Phosphorescenz, 1928, 243 ) 
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At low temperatures high resolution sphts these bands mto a 
number of components, indeed m hquid hydrogen, at 20° A , 
many hnes are as fine as the hnes of a spark spectrum 
(Fig 22 9) But rather cuiiously even these sharp hnes shov 
no trace of broadenmg m a magnetic field of 2500 gauss In both 
emission and absorption spectra many hnes are polarised parallel 
or perpendicular to the principal axis, in Fig 22 10 these hnes 
are represented by continuous and dotted lines respectively, and 
their different positions show that when the phosphorescent 
spectrum is viewed through a mcol prism, two entirely different 
spectra appear as the mcol is rotated 

The spectra of the uranyl salts resemble those of chromium 
sujB&ciently closely to make one wonder whether the frequencies 
of the strong hnes are not equally significant, but as yet none of 
the higher spark spectra of uramum has been analysed 

6 Lenard phosphors 

Many phosphorescent compounds, whether occurrmg natur- 
ally as mmerals or artificially produced, consist of a crystalhne 
salt carrying a trace of some other substance which wiU not fit 
into the crystal lattice, the mtrudmg substance is commonly 
a metal, and the greater number of these phosphors may be 
regarded as members of a family of which the alkaline earth 
sulphides activated by a heavy metal may be considered the 
prototype Having been exhaustively studied by Lenard and his 
school, they are commonly known as Lenard phosphors 

As the mtrudmg metal seems responsible for the fluorescence, 
one might have hoped for a line spectrum, mstead of the broad 
bands actually observed, though as many workers have used 
spectroscopes of low resolving power combmed with a sht 1 mm 
wide the evidence is not so extensive as could be desired When 
a substance exhibits several bands these often behave mde- 
pendently when a change is made m the wave-length of the 
exciting hght or in the temperature, some bands fade and others 
glow brighter Further, the positions of the bands change when 
either the active element or the bedding is changed * 

* Pringsheim, Hh d Pliys 1929, 21 600 
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Like the Lenard phosphors the platino -cyanides phosphoresce 
only when bedded in some inert material, neither the pure salts 
nor their solutions are themselves phosphorescent, but the 
phosphorescence appears so regularly that it has been attributed 
to the platino-cyamde molecule m the absence of other evidence 
The details of the enussion spectra depend largely on the crystal 
type, and change when water of crystallisation is added The 
polarisation depends on the polarisation of the incident light 
At room temperature the emitted light lasts a very short time, 
but if a body at - 250° C is illuminated, it phosphoresces only 
when allowed to warm up In this the platmo-cyamdes are like 
the Lenard phosphors 
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APPENDIX V 
KEY TO REFERENCES 

The periodicals, in which most papers appear, I have cited by the 
capitals mtroduced by Gibbs, the less common by the usual abbrevia- 
tions A key to the former is given here, a key to the latter may be 
found in Science Abstracts 

AJ Astrophysical Journal 

AP Annalen der Physik 

BSJ Buieau of Standards, Journal of Research 

EEN Ergebnisse der Exacten Naturwissenschaften 

J08A Journal of the Optical Society of America 

N Nature 

]<Jw Naturwissenschaften 

PM Philosophical Magazme 

PR Physical Review 

PBS Proceedings of the Royal Society, London, series A 

PZ Physikalische Zeitsohrift 

ZP Zeitschrift fui Physik 

An authoi s initials are not given m the text unless two authors of 
the same name occur, but all authors are given their mitals m the 
index 



APPENDIX VI 
BIBLIOGEAPHY 

The bibliography is divided into three sections 

A Books of reference 

B Spectra of the elements 

C Hyperfine structure of the elements 

In the last two sections I follow Bacher and Goudsmit m arrangmg 
the elements m the alphabetical order of their chenucal symbols 

A Books of reference 

The foUowmg books are frequently needed for reference, because they 
contam experimental data convemently arranged Books dealmg 
with a particular subject are discussed at the end of the chapter on 
that subject 

1 Gibbs, JO * A complete bibhography of individual spectra for the years 
1920-1931 ’ Rev Mod Phys 1932, 4 278 

2 Bacher, R P and Goudsmit, S Atomic energy states^ 1932 The terms 
of aU known spectra, but no wave-lengths 

3 Kayser, H and Konen, H Handhuch der SpeLtroshopie, vol vnr, 1932 
A complete review of the first nineteen elements in alphabetical order, that is 
A, Ag, Al, As, Au, B, Ba, Be, Bi, Br, C, Ca, Cd, Ce, Cl, Co, Cr, Cs, Cu Wave- 
lengths, terms, magnetic splittmg factors and hyperfine structure are all given 
with a bibhography 

4 Grotrian, S Qraphische Darstellung der SpeJctren von Atomen mit ein, zwei 
und drei Vcdenzdektronenf 1928 The energy diagrams of vol n show the 
transitions which produce all the strong lines 

5 Fowler, A Report on series in line spectra, 1922 Paschen, F and Gotze, 
R Seriengesetze der Linienspehtren, 1922 Both books contam lists of terms and 
hues for the elements of the first three columns 

B The spectra of the elements 

These lists are select, where one paper provides a satisfactory sum- 
mary, earher papers are not cited The papers deal chiefly with the 
analysis into systems of terms, but papers on mtensities and the 
Zeeman effect have been mcluded when they deal with a particular 
spectrum 

When one of the books of referencje, Kayser and Konen, Grotrian 
and Fowler, deals with a spectrum, I have mcluded the author’s 
name m the bibhography, as these sources are too easily overlooked 

The abbreviations are those used in the text. 
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A1 Kayser and Konen 
A1 1 Fowler Grotrian 
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Alv Ih%d 
A1 VI Ibid 
As Arsenic 33 
As Kayser and Konen 

As I Meggers and de Brum, B8J, 1929, 3 765 Lmes and teims 
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B I Bowen, PR, 1927, 29 231 Terms and lines 
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Paschen and Kruger, AP, 1930, 7 1 Terms and Imes 
Birkenbeil, ZP, 1934, 88 1 Extension m infra-red 

C n Fowler and Selwyn, PBS, 1928, 120 312 Teims and lines 
Bowen, PB, 1931, 38 128 
Edlen, ZP, 1936, 98 661 New terms 
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Cl I Kiess, C C and de Brum, BSJ, 1929, 2 1117 Lmes and terixi* 
Cln Bowen, PR, 1928, 31 34, 1934, 45 401 New lmes and terms* 
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Cl vn Bowen and Millikan, PR, 1925, 25 295 Lmes and terms 
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Lani BusseU and Meggeis, 1932, 9 625 Lmes and terms 
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Mo y Trawick, PR, 1935, 48 223 Sr i isoelectromc sequence 

N Nitrogen 7 

N I Ingram, PR, 1929, 34 421 Terms and lmes 
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Fowler, A , Phil Trans R S 1925, 225 1 Series 
Bowea and Millikan, PB, 1925, 26 160 multiplets. 

Bowen, PB, 1928, 31 34 Senes 

Fowler, A , PM Tram B 8 1925, 225 1 Senes 

Sawyer and Pasohen, AP, 1927, 84 1 Comparison with A1 n 

Fowler, A , PM Tram B 8 1926, 225 1 Senes 

and Erioson, Oomptea Bendus, 1930, 190 116 Doublets. 
Samarium 62 

Albertson, PB, 1936, 47 370 Ground term 

Tin 50 « 

Back, ZP, 1927, 43 309 Lmes, terms and Zeeman effe^. 

Green and Lormg, PB, 1927, 30 676 Terms, lmes and Zeeman effect 
Bacher and Goudsmit, 1932, using unpublished matenaL 

17-2 
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Sn Tin 50 (c(mt ) 

San GrotnAii 

Greea aad Lonag, PB, 1927, 30 674 Liaes, tenns and Zeeman eflEeot 
Narayaa aad Bao, £ R , ZP, 1927, 45 350 Terms 
Lang, PB, 1930, 35 445 Lmes and terms 
Sn m Gibbs and Vieweg, PP, 1929, 34 400 Cd i isoeleotronio sequence 

Green and Lonng, PB, 1931, 38 1289 Multiplets and Zeeman effect 
Sniv Rao, K R , Narayan aad Rao, A S , Indian J Phys 1928, 2 476 
Senes 

Sn V Gibbs and White, Proc Nai Acad Set 1928, 14 345 Senes 
Sr Strontium 38 
Sr I Fowler Grotnan 

Russell and Saunders, A J, 1925, 61 39 Lmes and terms 
Sr n Fowler Grotnan 

Ta Tantalum 73 

Ta I McLennan and Dumford, PBS, 1928, 120 502 Zeeman effect 

Kiess, C C and Kiess, H K , BSJ, 1933, 11 277 Lmes and terms 
Te TeUurimnSZ 

Te I Bartelt, ZP, 1934, 88 522 Lmes and terms 

Te nr Knshnamurty, PBS, 1935, 151 178 Lmes and terms 
Te IV Rao, K R , PBS, 1931, 133 220 Lmes and terms 
Te V Gibbs and Vieweg, PP, 1929, 34 400 Cd i isoeleotromc sequence 
Te VI Lang, Proc Nat Acad Sci 1927, 13 341 Lmes and terms 
Rao, K R , PBS, 1931, 133 220 Lines and terms 
Ti Titanium 22 

Ti I RusseU, AJ, 1927, 66 347 Lmes and terms 

Btamson, JOS A, 1928, 17 389 Intensities 
White, PB, 1929, 33 914 Ti i isoelectromc sequence 
Ti n RusseU, AJ, 1927, 66 283 Lmes and terms 
Ti m RusseU and Lang, AJ, 1927, 66 13 Terms 
Tl IV RusseU and Lang, AJ, 1927, 66 13 Terms 
TI Thallium 81 
Tl I Fowler Grotnan 

Tl n McLennan, MoLay €uad Crawford, PBS, 1929, 125 570 Lmes and terms 
Smith, PB, 1930, 35 236 Extension of series 
EUis and ^wyer, PB, 1936, 49 146 New lmes and terms 
TL m McLennan, McLay and Crawford, PBS, 1929, 125 60 Lines and terms 
Tl rv Rao, K R , Proc Phys Soc 1929, 41 361 Terms 

Mack and Fromer, PB, 1936, 48 367 Pt i isoelectromc sequence 

V. Vanadium 23 

Y I Bacher and Goudsmit, 1932, usmg unpublished matenal 
Gilroy, PB, 1931, 38 2217 New hues and terms 

Y n Meggers, ZP, 1925, 33 509, 39 114 Lmes, terms and Zeeman effect 

Rnssell, AJ, 1927, 66 184, 194 Terms named 
White, PB, 1929, 33 914 New terms and lmes 

V in White, PB, 1929, 33 672 Sc i isoelectromc sequence 
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V Vanadium 23 (cont ) 

V IV White, PB, 1929, 33 542 Ca i isoelectromc sequence 

V V Gibbs and White, PB, 1929, 33 157 Doublets of stnpped atoms 

W Tungsten 74 

W I Bemmg, ZP, 1927, 42 146 Zeeman effect 

Baoher and Goudsmit, 1932, usmg unpubkshed material 
Laun, PB, 1935, 48 572a Hew terms 
W II Bemmg, ZP, 1927, 42 146 Zeeman effect 

Xe Xenon 54 

Xe I Rasmussen, ZP, 1932, 72 779 

Humphreys and Meggers, BSJ, 1933, 10 139 Lmes and terms 
PogAny, ZP, 1935, 93 364 Zeeman effect 
Xe n Humphreys, de Brum and Meggers, BSJ, 1931, 6 287 Lmes and terms 
Xe m Deb and Dutt, ZP, 1931, 67 138 

Y Yttrium 39 

Y I Meggers and Russell, BJSJ , 1929, 2 733 Lmes and terms 

Y n Meggers and Russell, BSJ, 1929, 2 733 Lmes and terms 

Y m Meggers and RusseU, BSJ, 1929, 2 733 Lmes and terms 

Zn Zmc 30 

Zn I Fowler Grotrian 

Sawyer, JOSA, 1926, 13 431 PP° multiplets 
Znn Lang, Proc NtU Acad 8ci 1929,15 414 Lines and terms 
Takahashi, AP, 1929, 3 27 Lines and toims 
Zn m Laporte and Lang, PB, 1927, 30 378 Senes 
Zr Zirconium 40 

Zri Kiess, C C and Kiess, H K, BSJ, 1931, 6 621 Lines, terms and 
Zeeman effect 

Zrn Kiess, 0 C and Kiess, H K , BSJ, 1930, 5 1206 Lmes, terms and 
Zeeman effect 

Zr m Eliess, 0 C and Lang, BSJ , 1930, 5 305 Lmes and terms 
Zriv Kiess, C C and Lang, BSJ, 1930, 5 306 Lmes and terms 

C The hyperfine structure of the elements 

Ag Tolansky, PPP, 1933, 45 669 No hyperfine struotnre m Ag i 

Wilhams and Middleton, N, 1933, 131 691 No hyperfine structure found 
Jackson, N, 1933, 131 691 No hyperfine structure found 
Hill, PB, 1934, 46 636 No hyperfine structure found 
A1 Gibbs and Kruger, PB, 1931, 37 666® No hyperfine structure m 4 lines 
White, PB, 1931, 37 1176® Interpretation of Gibbs and Kruger 
Tolans^, ZP, 1932, 74 336 Narrow lmes suggests g (I) small 
Williams and Sabme.PP, 1933,43 362® No hyperfine structure m Aim 
Paschen and Ritschl, AP, 1933, 18 867 Hypoifine structure of A1 n 
shows / = ^ 

Brown and Cook, PB, 1934, 45 731a Work of Paschen shows /x=2 4 
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As Tolansky, PBS, 1932, 137 541 , ZP, 1933, 87 210 J = IJ m As n 
Rao, A S , ZP, 1933, 84 236 J is 1^ in As n 
Crawford and Crooker, N, 1933, 131 665 As iv confirms 
Tolansky and Heard, PBS, 1934, 146 818 Intensities of As n con- 
firm 

Ba RitscH and Sawyer, ZP, 1931, 72 36 Resonance Imes of Ba n 

Kruger, Gibbs and Williams, PB, 1932, 41 322 7 = 2J in 135 and 137 
Be Kruger and Wagner, PR, 1932, 41 373a Three Imes of Be i and two Imes 
of Be n appear sharp 

Parker, PR, 1933, 43 1035a I is probably i 
Bi Gkiudsmit and Back, ZP, 1927, 43 321 , 1928, 47 174 Hyperfine structure 
m magnetic field shows /=4J 

MoLeiman, McLay and Crawford, PRS, 1930, 129 579 Bi n and Bi m 
Zeeman, Back andGoudsmit, ZP, 1931, 66 1 Magnetic analysis of Bii 
Fisher and Goudsmt, PR, 1931, 37 1057 Analysis of partially resolved 
patterns 

Br de Brum, N, 1930, 125 414 Hyperfine structure shows 7= 1 J 
Tolansky, PBS, 1932, 136 686 Confirms de Brum 
Brown, PR, 1932, 39 777 Band spectrum shows 7 = IJ or 2J m Br^® and 
Br®! 

Gb Ballard, PR, 1934, 46 806 7=4J, /x=3 7 

Gd Schuler and Bruck, ZP, 1929, 56 291 Hyperfine structure shows 7=0 
m even and 1 = ^ m odd isotopes 
Schuler and Keyston, ZP, 1931, 71 413 Abnormal mtensities 
* Jones, Proc Phys Soc , 1933, 45 625 In Cd n /x is —0 625 

Schuler and Westmeyer, ZP, 1933, 82 686 Isotope displacement m 
Cdn 

G1 Elhott, PRS, 1930, 127 638 Band spectrum shows 7=2J 

Tolansky, ZP, 1931, 73 470, 1932, 74 336 Hyperfine structure shows 
fjL IS small, isotope displacement 
Go Grace, PR, 1933, 43 762a 7 is probably 3J 

More, PB, 1934, 46 470 7=3^, ^ is between 2 and 3 
Kopfermann and Rasmussen, ZP, 1935, 94 68 7 = 3J confirmed 
Gs Jackson, PRS, 1934, 143 455 Hyperfine mtensity ratio shows 7=3J 
Granath and Stranathan, PB, 1934, 46 317 /x is 2 45 
Kopfermann, ZP, 1932, 73 437 / = 3 J m Cs n 
Cohen, PR, 1934, 46 713 Atomic ray shows 7 = 3J 
Heydenburg, PR, 1934, 46 802 Polarisation of resonance radiation 
shows /i between 2 40 and 2 62 
Jackson, ZP, 1936, 93 809 Intensity ratios m 4566 A hne 
Granath and Stranathan, PB, 1935, 48 725 Hyperfine structure shows 
/X between 2 4 and 3 0 

Gu Ritschl, ZP , 1932, 79 1 7 is 1 J m both isotopes Cu i Isotope displace- 
ment 

Schuler and Schmidt, ZP, 1936, 100 113 /x = 2 5 m 63 and /x=2 6 m 65 
Electric quadripole moment 

Eu Schuler and Schmidt, ZP, 1935, 94 457 7=2^ m 151 and 163, both 
are positive, /xiji /xi 53=2 2 Abnormal mtervals 
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F 


Ga 

HI 


H2 


Hg 


I 


In 

It 

K 


Kr 


Gale and Monk, PR, 1929, 33 114 Band spectrum shows J=J 
Campbell, ZP, 1933, 84 393 In F i, J=i 
Brown and Bartlett, PR, 1934, 45 527 fi is about S/iy 
Jackson, ZP, 1932, 74 291 Resonance Imes of Gai 
Campbell, N, 1933, 131 204 7 = IJ m 69 and 71 from Ga n 
Kapuscinski and Eymers, PRS, 1929, 122 58 Band spectrum shows 
I=i 

Rabi, Kellogg and Zacharias, PR, 1934, 46 157 for proton is 3 25 
Urey, Brickwedde and Murphy, PR, 1932, 40 1 Mass effect m Balmer 
Imes 

Murphy and Johnston, PR, 1934, 46 95 Band spectrum shows 1=1 
Estermann and Stem, N, 1934, 133 911 jit is 0 Ijj.^ 

Rabi, Kellogg and Zachanas, PR, 1934, 46 163 fx for deuton is 
075 + 02 

Schuler and Keyston, ZP, 1931, 72 423 Hg i Isotope displacement 
Schuler and Jones, ZP, 1932, 74 631 Hg n Isotope displacement 
Schuler and Jones, ZP, 1932, 77 801 Irregularities 
Mjrozowski, Acad Pol Sci et Lettres, 1931, 9 464 2537 A Ime 
Inglis, ZP, 1933, 84 466 Magnetic wandering of 2537 A bne 
Schuler and Schmidt, ZP, 1935, 98 239 Asymmetry of electric field of 
Hg2oi 

Venkatesachar and Sibaiya, Indian Acad of Sci Proc 1934, 1 8 
Hyperfine structure of Hg n 

Loomis, PR, 1927, 29 112 Band spectrum shows I is large 
Tolansky, PRS, 1935, 149 269 Hyperfine structure of I n shows 
I=2i 

Tolansky, PRS, 1935, 152 663 1 1 confirms A perturbed term 
Strait and Jenkins, PR, 1936, 49 635a Altematmg intensities confirm 

I = H 

Jackson, ZP, 1933, 80 69 Hyperfine mtensity ratio shows 1=4^ 
Paschen, Sitz d Preusz Akad d Wiss Phys -Math 1934, 456 De- 
partures from mterval rule m In n 

Schuler and Schmidt, ZP, 1935, 94 460 I is probably J m 191 and 


193 

Loonus and Wood, PM, 1931, 38 864 Band spectrum shows I>i 
Schuler, ZP, 1932, 76 14 Isotope displacement 

Fermi and Segr6, ZP, 1933, 82 749 Hyperfine structure cannot be re- 
solved 

Fnsch, P Z Soiojeiunum, 1933, 4 667 30 Imes of K n are single 
Jackson and Kuhn, PMS, 1934, 148 336 Hyperfine structure of re- 
sonance lines shows I ^ 2 J 

Fox and Rabi, PM, 1934, 46 320 Sphttmg of atomic rays gives 
/=ljand/x=0 38;uw 
MiUman, PM, 1936, 47 739 J>i m K" 

Fox and Rabi, PM, 1936, 48 746 Atomic ray shows p=0 379 m K 

andi'<24mK^^ ^ , __ 

Kopfermann and Wieth-Knudsen, ZP, 1933, 85 363 Work on Kr i 
shows m Kr“ I iB and probably negative 
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La Anderson, PR, 1934, 45 686, 46 473 Hyperfine structure shows 7=3J- 
and ^=2 5 

Crawford, PR, 1936, 47 768 Hyperfine structure of La i confirms 
Anderson 

Li Schuler, AP, 1926, 76 292, ZP, 1927, 42 487 Hyperfine structure of 
Lin 

Harvey and Je n k ins , PR, 1930, 35 789 Hand spectrum shows 7=1J 
m Li’ 

Hughes and Eckart, PR, 1930, 36 694 Mass effect 
van Wi]k and van Koevermge, PRS, 1931, 1 32 98 Band spectrum shows 
7=liinLi7 

Guttmger and Pauli, ZP, 1931, 67 743 Perturbations m Li n 
Goudsmit and Inghs, PR, 1931, 37 328 a Hyperfine structure of Li n 
Granath, PR, 1932, 42 44 Erom 6486 A of Li n, 7= 1 J and ^ = 3 29/x^ 
Gray, PR, 1933, 44 670 7= 1-J confirmed 

Ladenburg and Levy, ZP, 1934, 88 449 Alternatmg mtensities suggest 
7=2iinLi 

Fox and Rabi, PR, 1935, 48 746 Atomic ray shows 7>1 in Li® and 
/Lt=3 20 m Li 

Fock and Petrashen, P Z Sowjetunion, 1936, 8 547 Theory suggests 
/I =4 57 

Bartlett and Gibbons, PR, 1936, 49 552a Comment on Fock and 
Petrashen 

Schuler and Schmidt, ZP, 1936, 99 285 If 7=1 in Li®, then /z=0 6 

Lu Schuler and Schmidt, ZP, 1936, 95 265 7 = 3 deviations from mterval 
rule 

Mg Murakawa, ZP , 1931, 72 793 Absence of hyperfine structure m Mg l 
suggests 7=0 

Jackson and Kuhn, PRS, 1936, 154 679 Isotope displacement m 
resonance hne 

Mn White, PR, 1929, 34 1404 Hyperfine structure shows I — 2\ 

White and Hitschl, 1930, 35 1146 Vector couplmg m Mn i 

N Ormtem and van Wijk, ZP, 1928, 49 315 Band spectrum shows 

Bacher, PB, 1933, 43 1001 Magnetic moment of nucleus >0 2yLj^ smce 
hues very fine 

Na Fnsch, P Z Sowjetunion, 1933, 4 659 Lmes of Na n show 7 = 1-J- 
Rabi and Cohen, PR, 1933, 43 582 Atomic rays show / = IJ 
van Atta and Granath, PR, 1933, 44 61 a ^ = 2 6^^ 

Joffe, P R, 1934, 45 468 Band spectrum shows 7 = 1 J 
Rabi and Cohen, PR, 1934, 46 707 Atomic ray shows 7=1^ 

Lmti^ PR, 1934, 46 581 Polarisation of resonance radiation explamed 

Fox and Rabi, PR, 1936, 48 746 Method of “zero moments” shows 

ia=2 08 

Ne Nagaoka and Mishima, P Imp Acad Tokio, 1929, 5 200, 1930, 6 143 
Mass effect and magnetic sphttmg 

Bartlett and Gibbons, PR, 1933, 44 638 Isotope displacement theory 
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or HYPERriNE STRUCTURE 

P Herzberg, FB, 1932, 40 313 Band spectrum 
Ashley, FR, 1933, 44 919 Band spectrum shows 
Jenkms, FR, 1935, 47 783a Alternating mtensities confirm Ashley 
Pb Murakawa, ZF, 1931, 72 793 /=:0 for 206 and 208, but J for 207 
Kopfermann, ZF, 1932, 75 363 Isotope displacements 
Schuler and Jones, ZF, 1932, 75 563 Hyperfine structure shows new 
isotope 

Rose and Granath, FR, 1932, 40 760 Isotope displacements 
Dickmson, FR, 1934, 46 498 Isotope displacements 
Rose, FR, 1935, 47 122 Isotope displacements reviewed 
Pr White, FR, 1929, 34 1397 In Pr n, 1=2^ 

Pt Fuchs and Kopfermann, Nw, 1935 ,23 372 

Jaeckel and Kopfermann, ZF, 1936, 99 492 / = ^ in isotope 

displacements 

Jaeckel, ZF, 1936, 100 513 Confirms i=-J 

Kopfermann and ICrebs, ZF, 1936, 101 193 Isotope proportions present 
Rb Kopfermann, ZF, 1933, 83 417 Rb n shows J — IJ m 87 and 2J m 85 
jLtg? IS twice ^86 N’o isotope displacement 
Jackson, ZF, 1933, 86 131 Confirms Kopfermann 
Re Zeeman, GisolE and de Brum, N, 1931, 128 637 Zeeman effect of 
hypeifine structure shows I=2J 

Meggers, Kmg and Bacher, FR, 1931, 38 1258 Hyperfine structure 
shows 7 = 2-J m both isotopes 

Sommer and Karlson, Nw, 1931, 19 1021 Confirms Meggers 
Sb Tolansky, FR8, 1934, 146 182 in 121 and 123, jai2i=2 76, 

^128 ==2 0 

Crawford and Bateson, Gan J Res&iich, 1934, 10 693 Sb m shows 
7 = 2J- in 121 and 3i in 123, iai2i=4 0, 2 

Sc Kopfermann and Rasmussen, ZF, 1934, 92 82 / = 3J and /x,=3 6 
Se Rafalowski, Acta Fhys Folonica, 1933, 2 119 Lmes are smgle 
Olsson, ZF, 1934, 90 134 Band spectrum shows 7=0 in Se®® 

SxxL Schuler and Schmidt, ZF, 1934, 92 148 Isotope displacements 
Sn Tolansky, FR8, 1934, 144 574 Sn n shows 7=i m 117 and 119, 
/X IS 0 89/x^ m both One Ime of Sn i confirms I Isotope displace- 
ment 

Sr Benson and Sawyer, FR, 1933, 43 766a No hyperfine structure wider 
than 0 05 cm 

Ta GisolfandZeeman.JV', 1933, 132 666 Hyperfine structure shows I =3^ 
M»Mi11n.T< and Grace, PB, 1933, 44 949 Hyperfine structure shows 

Te Rafalowski, Acta Phys PolonvM, 1933, 2 119 Lines are single 
T1 Schuler and Keyston, ZP, 1931, 70 1 Isotope displacement T1 i. 
Tin 

Crooker, PM, 1933, 16 994 Paschen-Back effect 
Wills, PB, 1934, 45 883 /i=2 7 A perturbed term 
V Kopfermann and Rasmussen, ZP, 1935, 98 624 Hyperfine structure 

shows 7=3 J ^ T 1 

W Grace and White, PB, 1933, 43 1039a No value of I Lmes complex 
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Xe Kopfermam aaid Rindal, ZP, 1933, 87 460 I=lm 129 and IJ m 131 
jL4i29 IS negative, is positive /Xi 29 //<^i 3 i is 1 1 No isotope displacement 

Gwynne-Jones, FRJS, 1934, 144 687 Xe i confirms 
Y Elruger and Challacombe, Pi2, 1935, 48 111a Earlier report incorrect 
Zn Schuler and Bruck, ZP, 1929, 56 291 No hyperfine structure found Zn i 
Murakavra, ZP, 1931, 72 793 Absence of hyperfiLne structure in Zn i 
suggests 7=0 

Schuler and Westmeyer, ZP, 1933, 81 665 Zn n shows isotope displace 
ment In Zn 67, 7 = IJ 

Billeter, Helv Phys Acta, 1934, 7 413 No hyperfine structure found in 
resonance hne 
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SUBJECT INDEX 

ITumbers m Claiendon refer to the second volume 


Absorption spectra, 68 
rare earttLS, 81 
X-rays, 193 

Alkaline earths, arc and spark spectra, 
46 

inter system lines, 57 
interval rule, 63 
isoelectronio spectra, 212 
]] coupling, 

singlets and triplets, 47 
Alkaks, doublet senes, 23, 31-2 
doublet mtensities, 107 
forbidden hues, 215 
isoelectronio spectra, 212 
Altematmg mtensities, 200-2 
Alnmni um. 22-4 
absorption spectrum, 68 
displaced terms, 7 
displacement law, A1 m, 177 
Land6’s doublet formula, 216 
perturbed senes, 151 
Analysis, hyperdne, 189 
multiplet, 48 
senes, 18 
Zeeman, 99 
Angstrom unit, 5 

Anomalous Zeeman effect, 86, 144 
Antimony, 28-32 
fluorescence, 80 
Arc spectra, 46 
Argon, 39-44 
ionized, 38, 145 
level diagram, 4)0 
nebular Imes, 218 
Arsemc, 28-32 

Atomic magnetism, atomic rays, 129 
electromo theory, 129 
paramagnetic ions, 136 
Atomic rays, 129 
nuclear spin, 201 
velocity selector, 200 
Atomic volumes, 161 
Auroral Ime, 35, 215-17 

Balmer senes, 2, 5, 7, 9 
fine structure, 41 
reversal, 69 
Band spectra, 172 
nuclear spm, 201 


Bands, anti-Stokes, 233 
m phosphores, 233 
Banum, 46—68, 50 

abnormal mtensities, 135 
Bergmann senes, 22 
Beryllium, 46-^58 
displaced terms, 6 
Moseley diagram, 204 
Bismuth, 28-32 

hyperflne structure, 169-70, 181-3, 
185 

magnetio moment, 133 
X-ray spectrum, 197-8 
Bohr magneton, 87, 128, 130 
Boltzmann distribution law, 70, 85, 234 
Boron, 22-4 
Bromine, 36-9 

Cadnuum, 46-58 
displaced terms, 7 
hyperflne structure, 170—1, 207 
ionised, 67 

magnetic moment, 132 
Caesium, 18-39, 60 
doublet structure, 30 
intensities, 107-8 
level diagram, 39 
senes, 39 

Calcium, 46-58, 50 
diffuse triplets, 66 
displaced terms, 1 
doublet limit, 158 
effective quantum numbers, 51 
intensities, 102 
ionised, 178, 205 
level diagrams, 60, 62, 2 
perturbed senes, 151 
senes, 48 
Carbon, 24-8 
Catalysts, 188 
Centroid of a multiplet, 66 
Cenum, 63, 78 
Chlorine, 36-9 

hyperfine structure, 207 
level diagram, 37 
Chromium, 57—8 
g factors, 125 
intensities, 106 
intervals, 148-9 
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SUBJECT INDEX 


Chromium [cont ) 
phosphores, 229-32 
Zeemau patterns, 117 
Cobalt, 61, 63 
intensities, 106 
magnetic moment, 134 
Coloured ions, 188 
Columbium, 54, 57 
Zeeman patterns, 103 
Column III, 22-4 

„ IV, 24-8, 140-2 

„ V, 28-32 

„ VI, 33-4 

Combmation of electrons, energy rules, 
15 

equivalent electrons, 11 
inverted terms, 17 
unlike electrons, 9 
Combmation prmciple, 21, 24 
Configurations, 179-93 
elements tabulated, 194-5 
Copper, 66-9 
g factors, 165 
level diagram, 69 
magnetic moment, 132 
perturbed senes, 151-4 
Zeeman patterns, 103-4, 118 
Correspondence prmciple, 13, 36, 93 
Couplmg, deviations from Russell- 
Saunders, 43-4, 122 
]], 28, 136-43 
Bussell Saunders, 3-5, 22 
Co valency, 167, 172 
Crystals, energy levels, 228 

Deutomc nuclei, 205, 214 
Diamagnetism, 127 
Diffuse senes, 18 
doublets, 31, 34, 37 
formula, 23 
Stark effect, 158 
tnplets, 54-^ 

Zeeman types, 83 

Displaced terms, alkaline earths, 1 
Be and Mg, 6 
Zn, Cd and Hg, 7 

Displacement law for spectra, 176-8 
Displacements, atomic, 19, 128, 133 
electromc, 19, 128-33, 147-50 
m electnc field, 145, 167-60 
m magnetic field, 112, 124 
sum rule, 124, 126 

Distnbution law, Boltzmann’s, 70, 85, 
234 

Doublet formulae, irregular, 206 
Lande’s, 212-16 
regular, 208 


Doublet formulae {cont ) 
screemng, 206 
Sommerfeld’s, 210-11 
spm, 208 

Doublet senes, 23, 31-2 

Earth metals, 22-4 
Effective nuclear charge, 203 
Effective quantum number, 22 
Electric field, see Stark effect, 144 
Electron, m nucleus, 209-10 
magnetic moment of, 96 
mass of, 14, 44, 84 
Electron impact, 76 
Electron orbits, 10-13, 26-8, 207 
Electron theory of magnetism, 127 
Electromc angular momentum, see J, 
34 

Electromc displacements, 147-50 
Electromc structures, 179-96 
Electro valency, 167 
Energy of interaction of two vectors, 
orbital and spin vectors, 66 
m strong magnetic field, 112 
m weak magnetic field, 97 
Energy rules, multiplet, 15 
Enhanced lines, 46 
Equivalent electrons, 11 
Erbium phosphores, 242 
Erect terms, 35 

Europium, hyperfine structure, 199 
phosphores, 236 
valency, 78 

Excitation, by electron impact, 76 
by monochromatic hght, 78 
potentials, 73 

Exclusion prmciple, periodic system, 
201 

combmation of electrons, 11, 17 

Erne structure, constant, 210 
of hehum, 44-6, 60-1 
of hydrogen, 40-4 
Fluorescence, in crystals, 228 
hyperfine, 192 
m vapours, 80 

Fluorescent crystals, chromium phos- 
phores, 229 
energy levels, 228 
Lenard phosphores, 245 
platmo cyamdes, 246 
rare earth phosphores, 236 
uxanyl salts, 241 
Fluorme, 36-9 
Fluonte, 286 

Forbidden Imes, 27, 161, 215 
Frame elements, 184 
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Fundamental series, 22 
doublets, 32, 37 
formula, 23 
triplets, 67 

g, see Magnetic sphttmg factor, 90 
Gadolimum, 83 
Gallium, 22-4 
nucleus, 211 
r, see Displacement 
G^rmamum, 24-8 
Gold, 66-7 

magnetic moment, 132 
Ground terms, 68 

elements tabulated, 194 
long periods, 187, 45-7 
rare earths, 192, 80 
short periods, 183 

Hafmum, 58-4 
Halogens, 36 
Heavy hydrogen, 16, 167 
nucleus, 206, 214 
Hehum, 69-62 
lomsed, 14, 44-6 
level diagram, 59 
Stark elBtect, 161-4 
Hydrogen atom, Bohr’s theory, 10 
electron orbits, 28 
magnetic moment, 132 
mechamcal moment, 1 1 
wave mechamcs, 16 

Hydrogen spectrum, Balmei’s series, 2, 
6, 13 

fine stiucture, 40-3 
senes, 5 

Stark effect, 146-61 
Hyperfine structure, empincal, 166 
mtensities, 183 
isotope displacement, 187 
nuclear mass, 167 
Paschen Back effect, 178 
vector model, 168 
Zeeman effect, 173 

Indium, 22-4 

absorption spectrum, 69-70 
Inert gases, 36-41 
diamagnetism, 139 
g factors, 146-7 
mtervals, 127 

Inner quantum number, see J, 34 
Intensities, alkah doublets, 107 
experimental, 90 
hyperfine, 183-7 
iron frame elements, 104 
13 couphng, 160 


Intensities {cont ) 
normal multiplet, 35, 91 
quadnpole, 227 
raiea ultimes, 120 
sum law, 93, 135 
super multiplet, 101 
tables, 95-9 
X ray, 196 
Zeeman, 98, 108 
Zeeman tables, 112-15 
Intermediate magnetic fields, 116 
Inter system knes, 57 
33 couphng, 28 
Zeeman effect, 116 
Interval quotient, 65 
Interval rule, 63 
hyperfine, 173 
hyperfine perturbed, 197-9 
perturbation, 155 
Invariance, of g sum, 123, 123-6 
of r sum, 124, 126 
Inverted terms, 35, 16-20 
lodme, 36-9 
33 couplmg, 142 

Ionisation potentials, from electron im- 
pact, 72 

from senes limit, 20-1 
long penods, 187, 189 
rare earths, 192, 74 
short penods, 182-3 
Iron, 59-61 
magnetic moment, 132 
Iron frame elements, ground terms, 
46 

compared with other frames, 70-4 
paramagnetic ions, 140-3 
Irregular doublet law, 206 
Isoelectromc sequences, Moseley law 
203-6 

screenmg doublets, 206—8 
spm doublets, 211-12 
Isotope displacement, 187-97 

J, defimtion, 34 

onentation m magnetic field, 88, 129- 
31 

senes hmit, 159 
33 couphng, 28, 136-43 
mtensities, 150 

Krypton, 39-44 

Land6’s doublet formula, 212 
Lanthanum, 50, 53 
g factors, 165 
Lead, 24-8 
fluorescence, 79 
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Lead (cont ) 

isotope displaoements, 197 
magnetic moment, 133 
Lenaxd pliosplioreB, 2^5 
Level diagrams, optical, 11, 24 
X-ray, 197-8 

Limit, calouLation of senes, 20 
displaced, 3 
multiplet, 31, 42, 159 
Lithium, 18-39 

hyperfiue structure, 166, 168 
level diagram, 25 
Moseley diagram, 204 
nucleus, 214 
senes, 19 

Zeeman patterns, 105 
Long penods, analysis, 48 
configurations, 48 
ground terms, 45 
individual spectra, 49-70 
in penodio system, 183—7 
three rows compared, 70-4 
Lorentz unit, 84 
Lutecium, 50, 53 

hyperfine structure, 199 

Magnesium, 46-58 
displaced terms, 6 
intensities, 218 
mtervals, 150 
ionised, 177 

Paschen Back effect, 115, 117 
Zeeman effect, 105, 119 
Magnetic field, see Zeeman effect, 82 
Magnetic moment, of atoms, 132-4 
of electrons, 96 
of ions, 135-43 
of nucleus, 203 

Magnetic splittmg factor, atomic rays, 
131 

defimtion, 90 
sum la-w, 123 
tabulated, 92-3, 100-1 
Magnetism, 187 
Manganese, 58-9 
mtensities, 100, 106 
Zeeman effecst, 116 

Mass effect m hyperfine structure, 167 
Matching strong and weak terms, 118 
Mercury, 46—58 

absorption spectrum, 70-2 
displaced terms, 7 
excitation potentials, 75 
forbidden hne, 215 
hyperfine mtervals, 197—9 
hyperfine structure, 190-2 
mtensities, 101-3 


Mercury {cont ) 
lomsed, 67 

isotope displacements, 193-5 
level diagram, 53 
magnetic moment, 132 
quadripole radiation, 222 
resonance radiation, 79 
Zeeman effect, 118 
Molecules, symmetncal, 201-2 
Molybdenum, 57-8 
mtervals, 148-9 
Moseley’s law, optical, 199 
Xray, 203-^ 

Multiplets, 62 
analysis, 48 
mtensities, 94-9 
Multiplicities m iron row, 175 

Nebular Imes, 217 
Neodymium phosphor es, 242 
Neon, 39-43 

absorption spectrum, 69 
hyperfine structure, 168 
mtervals of s terms, 134 
]] couphng, 141 
senes limits, 43, 159-60 
Stark effect, 155 
Neutromc nuclei, 205, 212-13 
Neutrons m nucleus, 209-10 
Nickel, 63-5 
g factors, 155 
mtensities, 106-6 
magnetic moment, 134 
Stark effect, 158-60 
Nitrogen, 23-32 
mverted terms, 20 
level diagram, 29 
nebular hnes, 218 
nucleus, 206-7, 214 
triplet limit, 32 
Normal Zeeman triplet, 134 
Notation m complex spectra, 49 
Nucleus, electric field of, 200 
magnetic moment of, 203—6 
spm of, 200 
structure, 208 
types of, 204-5, 208 

One line spectra, 76 
Orbits, exclusion prmciple, 201 
general atom, 26-8 
hydrogen, 10-13 
Orbital vector, 26 
Oxygen, 33-5 
auroral line, 216—17 
mtensities, 101 
level diagram, 33 
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Oxygen (cont ) 

magnetic moment, 134 
nebular lines, 218 
Paschen-Baok effect, 106, 115 

Palladium, 63-5 
Palladium frame elements, 188 
ground terms, 47 
paramagnetism, 143 
Paramagnetism, classical theory, 136—8 
frame elements, 140-3 
gases, 138 

Langevin’s theory, 127 
rare earths, 138-40 
Partial Paschen Back effect, 115 
mtensities, 118-19 
Paschen Back effect, empirical, 106 
hyperfibae structure, 173 
intermediate fields, 117 
invariance of g sum, 123 
invariance of F sum, 126 
matching strong and weak terms, 
119 

partial effect, 115 
quadripole, 225 
vector model, 111 
Penetratmg orbits, 27 
Periodic system, 161-202 
displacement law, 176 
electromc structures, 179 
exclusion prmoiple, 201 
rare earths, 75 
valency, 166 
Periodic table, 163, 166 
Perturbation, 150-7 
hyperfine, 197-8 
Phosphores, chromium, 229 
Lenard, 245 
rare earth, 236 
Phosphorescence, 228-9 
Phosphorus, 28-32 

hyperfine structure, 207 
Photometry, 90 
Platino-oyamdes, 246 
Platmum, 66 

Platmum frame elements, 189 
ground terms, 47 
paramagnetism, 143 

Polarisation m, Paschen Back effect, 
112-13 

quadripole radiation, 220 
Stark effect, 148, 154 
Zeeman effect, 112, 109 
Potassium, 18-39, 50 
displacement law, 178 
electron impact, 78 
forbidden lines, 215 


Potassium {cont ) 
g sum, K n, 126 
hyperfine structure, 207 
magnetic moment, 132, 138 
Moseley diagram, 205 
quadripole Ime, 222-5 
Stark effect, 178 

Praseodymium phosphores, 238, 240, 
243 

Prmcipal senes, 18 
doublets, 31, 36 
formula, 23 
triplets, 61, 55 
Zeeman types, 83 
Protomc nuclei, 204, 210-12 
Protons m nucleus, 209-10 

Quadripole radiation, forbidden hues, 
215 

mtensities, 227 
polarisation rule, 221 
quantum mechanics, 219 
selection rules, 220 
Zeeman effect, 221 

Quantum mechamcs, hyperfine per- 
turbation, 199 
Paschen-Back effect, 117 
quadnpole radiation, 219 
valency, 172 
Zeeman effect, 97 
Quantum of action, 10 

Radium, 46-58, 50 
JRmes uUimes, 120 
Raman spectra, 228, 235 
Rare earths, 75-89 
absorption spectra, 81 
arc and spark spectra, 79 
configurations, 190-2 
m penodic system, 75 
lomsation potentials, 192 
paramagnetism, 138 
phosphores, 236, 242-3 
valency, 77 
Regular doublets, 208 
Resonance potentials, 72 
Resonance radiation, 78 
Rhenium, 59 
Rhodium, 63 
Rubidium, 18-39, 50 
electron impact, 78 
g sum, Rb n, 126 
nucleus, 209 

Russell-Saunders oouphng, 3-5, 22 
deviations from, 122 
Ruthemum, 59, 61 
r sum, 132 
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Rydberg constant, 2 
for belium, 14 
for hydrogen, 12 
for other atoms, 19 

Samanum, 85-9 

phosphores, 286-40, 243 
valency, 78 
Scandium, 50-3 
ionised, 178, 206 
Screening, constant, 203 
doublet, 206 

Selection rules, displaced terms, 4 
for J, 67 
for L, 26 

Paschen Back, 112-13 
quadripole, 220 
Stark, 148, 164 
X ray, 196 
Zeeman, 89 
Selemum, 33-5 
Self-reversal, 18, 69 
Senal number, 19, 23, 49 
Senes, 6, 18 
formula, 18-21 
mtensities, 104 
hmits, 10-11, 21, 158-65 
Sharp senes, 18 
doublet, 31, 36 
formula, 21-3 
Stark effect, 158 
tnplet, 64-6 
Zeeman types, 83 
Short peno^, 181-3 
deep terms, 14 
elements, 21 
ground terms, 16-18 
irregulanties, 22 
Sihcon, 24-8 

doublet limit, 160 
ionised, 177 
level diagram, 25 
Silver, 66-7 

hyperfine structure, 207 
magnetic moment, 130-2 
Smglet spectra, 47 
Sodium, 18-39 

absorption spectrum, 68 
controlled electron impact, 77 
D hues m magnetic field, 106-10, 112- 
13 

displacement law, 177 
fluorescence, 79-81 
forbidden lines, 215 
Land^’s doublet formula, 216 
level diagram, 33 
magnetic moment, 132 


Sodium (cont ) 
nuclear spm, 201 
Paschen-Back effect, 116 
quadripole hues, 223—5 
Stark effect, 166 
Zeeman patterns, 85 
Spark spectra, 46 
Spectroscopic terms, 62 
Spm doublets, 208 
X-ray, 130 
Spm of nucleus, 200 
Spmmng electron, doublet series, 32 
Zeeman effect, 94 
Stark effect, 14^60 
expenmental, 144 
forbidden hues, 215 
m crystals, 234 
m hydrogen, 145 
m other elements, 161 
Stationary states, 3, 10 
Statistical weight of a term, 66 
Stripped atoms, 207 
Strong field, 106 
Strontium, 46-68, 50 
mtensities, 102 
perturbation, 157 
Sulphur, 33-5 
Sum rules, g sum, 123 
r sum, 126 
intensity, 135 

Super multiplet, intensities, 101 

Tellurium, 33-5 
Temperature class, 49 
Terbium, valency, 78 
Terms, 3, 9, 11 
Thalhum, 22-4 
absorption, 69-70 
fluorescence, 79 
hyperfine structure, 172-89 
mtensities, 108 
isotope displacement, 194 
level diagram, 23 
magnetic moment, 132 
nucleus, 206 
Tin, 24r-8 

magnetic moment, 133 
Titamum, 53-4 
g factors, 155 
r sum, 132 
intensities, 101, 106 
ionised, 178, 205 
Transition elements, 184 
Triplet terms, 49 
Tungsten, 58 

Uranyl salts, 241 
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Valency, 166-76 
rare earths, 77 
Vanadium, 54, 57 
Vector model, alkah doublets, 29 
combmation of several elections, 9 
displaced terms, 3 
general couplmg, 135 
hyperfine mtervals, 199 
hyperfine structure, 168, 172 
hyperfine Zeeman effect, 173 
mterval rule, 65 
]3 couplmg, 27-8 
Paschen-Back effect, 111-12 
Stark effect, 157 
Zeeman effect, 88-9 

Wave mechamcs, 3 
hydrogen atom, 15 
hyperfine struotme, 176, 179 
Wave numbers, 5 
Weak field, 106 

X rays, 193-200, 228 
spm doublets, 209-11, 180 
Xenon, 39-43 
Stark effect, 156-7 


Ytterbium, phosphores, 236 
valency, 78 
Yttrium, 50, 53 

Zeeman effect, 82-104 
analysis, 99 
anomalous types, 85 
hyperfine, 173 
mtensities, 98, 108-20 
magnetic sphttmg factors, 
100-1 

normal triplet, 82 
quadripole, 221 
quantum theory, 86 
spuming electron, 94 
unresolved patterns, 106 
Zmc, 46-58, 67 
displaced terms, 7 
Lande’s doublet formula, 215 
magnetic moment, 132 
Zu comum, 53-4 
doublet hunt, 161 
g factors, 154, 156 
mtensities, 106 
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